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ABSTRACT 
 
 
LONGITUDINAL ADAPTATIONS IN MUSCLE STRENGTH, FUNCTIONAL 
PERFORMANCE, GAIT BIOMECHANICS, AND PATIENT-REPORTED 
FUNCTION AFTER UNILATERAL TOTAL KNEE ARTHROPLASTY 
 
Objective: The aims of this research were to identify gaps in the literature related to 
impairments after total knee arthroplasty (TKA) (Aim 1) and define recovery between 3 
and 6 months after TKA across four domains: 1) hip and knee muscle performance, 2) 
functional performance, 3) patient-reported function, and 4) biomechanics of walking and 
stair descent (Aim 2). Additionally, this project sought to explore the relationships 
between each domain (Aim 3) and establish predictive models to allow clinicians to use 
clinical measures to predict future gait biomechanics in patients after TKA (Aim 4). 
Ultimately, the results of this research would quantify post-rehabilitative recovery after 
TKA and identify potential targets for objective criteria needed for discharge from 
outpatient rehabilitation.  
 
Participants: Thirty-nine individuals completed the study protocol, 21 in the TKA group 
(7 male, 14 female, height: 1.68 ± 0.08 m, mass: 90.95 ± 21.04 kg, BMI: 32.27 ± 7.4 
kg/m2, Age: 60.6 ± 8.1 years) and 18 matched control subjects (7 male, 11 female, height: 
1.69 ± 0.10 m, mass: 83.69 ± 20.2 kg, BMI: 29.2 ± 5.5 kg/m2, Age: 61.2 ± 8.8 years).  
 
Methods: For Aim 1, a systematic review of the literature related to the four previously 
stated domains was conducted. In Aims 2-4, a longitudinal design with 3 and 6 months 
post-surgery assessment time points was used for the TKA group. At both assessment 
time points, participants underwent maximal voluntary isometric strength testing of 
bilateral hip abduction, hip external rotation, and knee extension to determine peak 
strength and rate of torque development (RTD). Participants also performed the five-time 
sit-to-stand test (FTSTS) and underwent three-dimensional motion analysis while 
walking at a self-selected speed and during a stair descent task. Patient-reported function 
was measured using the Knee Injury & Osteoarthritis Outcome Score (KOOS). The 
control subjects completed the same testing procedures at a single time point.  
 
 
 
Main Outcome Measures: Outcomes were assessed across four domains. The first domain 
included peak isometric muscle strength and RTD of hip abduction, hip external rotation, 
and knee extension. The second and third domains represented functional performance as 
assessed by the FTSTS and patient-reported function as measured by the KOOS, 
respectively. The final domain included hip and knee joint kinematics and kinetics during 
walking and stair descent as measured using three-dimensional motion analysis and 
inverse dynamics.  
 
Statistical Analysis: Aim 1: no formal statistics were utilized in the systematic review. 
Aim 2 utilized paired sample t-tests for between-limb (operative vs non-operative) and 
within-limb (3 months vs 6 months post-surgery) comparisons across all four domains. 
Additionally, independent two-sample t-tests were used to compare the operative and 
non-operative limbs of the TKA group to the matched control group. In Aim 3, Pearson 
product-moment correlations were performed to assess the relationships between muscle 
performance, FTSTS performance, and KOOS scores in the TKA group at 1) 3 months 
post-surgery, 2) 6 months post-surgery, and 3) between the improvements in these 
outcomes from 3 to 6 months post-surgery. Lastly, Aim 4 utilized Pearson product-
moment correlations and stepwise multiple linear regressions to develop a predictive 
model using clinical measures assessed at 3 months post-operatively to predict knee 
flexion excursion during walking at 6 months post-surgery.  
 
Results: Aim 1: Improvements in KOOS scores, deficits in peak quadriceps strength, and 
altered knee joint biomechanics during walking are present during the first 6 months 
following TKA. Limited evidence exists regarding hip muscle strength deficits, FTSTS 
performance, and stair descent biomechanics after TKA. Aim 2: Quadriceps and hip 
external rotation peak strength and RTD, FTSTS performance, gait and stair descent 
biomechanics, and KOOS scores all demonstrated significant, but modest, improvement 
between 3 and 6 months post-surgery. However, persistent deficits in quadriceps and hip 
external rotation peak strength and RTD, FTSTS, movement biomechanics, and KOOS 
scores compared to control subjects indicate incomplete recovery after TKA both 
immediately after rehabilitation and following the early post-rehabilitative period. Aim 3: 
Peak hip muscle strength and FTSTS performance are significantly correlated with 
KOOS Pain, activities of daily living, and Sport subscales at 3 months post-surgery. 
Fewer relationships were observed at 6 months post-surgery and between improvements 
from 3 to 6 months. Aim 4: Quadriceps RTD, hip external rotation RTD, and FTSTS 
performance were predictive of knee flexion excursion during walking, with quadriceps 
RTD the strongest of the three predictors. Faster quadriceps RTD, slower hip external 
rotation RTD, and faster FTSTS performance are predicted to lead to greater knee flexion 
excursion.  
 
Conclusions: Modest improvement in muscle strength and RTD, FTSTS performance, 
patient-reported function, and biomechanics occur during the post-rehabilitative period 
after TKA, but all domains remain impaired compared to matched control subjects. 
Furthermore, muscle strength and RTD and FTSTS performance contribute to greater 
patient-perceived function and future knee flexion excursion during walking. In order to 
improve outcomes across domains after TKA, emphasizing improvement in muscle 
 
 
strength, RTD, and FTSTS ability during the first 3 months after surgery is critical as 
persistent deficits do not resolve by 6 months post-surgery. Lastly, maximizing 
quadriceps RTD by 3 months post-surgery is likely to lead to improved walking 
biomechanics at 6 months post-surgery. 
 
Keywords: total knee arthroplasty, biomechanics, muscle strength, rate of torque 
development, gait 
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Chapter 1. Introduction & Specific Aims 
1.1 Statement of the Problem 
As the current gold-standard intervention for end-stage knee osteoarthritis, more 
than 600,000 persons undergo total knee arthroplasty (TKA) annually in the United 
States, with the frequency of this procedure expected to increase by 673% over the next 
decade to 3.48 million[1-3]. Despite most patients reporting significant pain reduction 
after surgery, 52% of patients who undergo TKA continue to report limited mobility after 
surgery and rehabilitation, which may predispose these individuals to future disability [4-
7]. More importantly, the greatest difficulty is reported with tasks that are basic and 
essential to normal daily function, including ambulation and stair descent [6].  
Current rehabilitation practices for patients after TKA emphasize recovery of 
knee joint range of motion, quadriceps muscle strength, and weaning from use of 
assistive devices during walking [8]. Patients are often discharged from physical therapy 
within 8-12 weeks after surgery when knee joint pain has improved, sufficient knee joint 
range of motion achieved, and the patient no longer requires an assistive device to 
ambulate [9]. Minimal quantitative assessment of gait or functional performance is 
currently utilized in discharge decision-making. Given the persistent asymmetrical 
movement patterns and mobility impairments reported by patients after TKA, assessing 
clinical tools for their potential use in informing clinicians of patient performance and 
movement biomechanics may improve the quality of care and outcomes for many after 
TKA. In order to do so, the current knowledge gaps require examination of factors that 
contribute to successful performance of gait and stair tasks after TKA and evaluation of 
recovery across multiple domains during the early post-rehabilitative period (>3 months 
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post-surgery). Presently, recovery of quadriceps strength has been thoroughly studied, but 
other important domains including the recovery of hip muscle strength, functional 
performance, patient reported outcomes, and biomechanics of gait and stair descent 
during the first 6 months after TKA are less well-defined. Furthermore, the relationships 
between muscular and functional performance measures and gait and stair descent 
mechanics are unexplored. Given the long-term impairments noted after TKA, it is 
critical to longitudinally observe early post-rehabilitative recovery after TKA across 
multiple domains and identify key modifiable targets for intervention to improve 
movement biomechanics and patient outcomes from this procedure. 
1.2 Justification of Research 
Though the precise mechanism(s) of persistent asymmetries in gait patterns 
during level walking and stair descent are unknown, quadriceps strength is believed to be 
an important determinant for successful functional mobility after TKA [10-12]. Peak 
isometric quadriceps strength is associated with improvements in functional ability, gait 
mechanics, and patient satisfaction [11, 13, 14]. However, limitations in walking ability, 
gait mechanics, and poor patient-reported function are noted in patients with full recovery 
of quadriceps strength, indicating the likelihood of additional contributing factors [15, 
16]. Early investigations of peak isometric hip muscle strength after TKA indicate that 
stronger patients have less difficulty with daily activities [17]. However, lack of 
biomechanical measures limits full understanding of the role hip muscle strength serves 
in restoring normal joint mechanics during dynamic activities. Furthermore, due to a lack 
of previous longitudinal studies of hip muscle strength after TKA, it is unclear if hip 
muscle strength is maintained, increased, or reduced during the post-rehabilitative period. 
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Thus, further study into the role of hip muscle performance after TKA is needed. 
Furthermore, while measurement of peak strength has proven valuable, it does not reflect 
how the lower extremity muscles function during critical times of dynamic functional 
activities which require rapid torque production. For this reason, rate of torque 
development (RTD) has been proposed as a novel method to assess the ability of muscles 
to generate torque rapidly [18, 19]. Additionally, functional performance measures, such 
as the Five-time Sit-to-Stand test, provide clinicians with rapid and reliable assessment of 
patient function [20]. To date, knowledge of performance impairments of this task 
following TKA are limited and the relationships between this clinically available 
performance test, patient-reported outcomes, and biomechanics of gait and stair descent 
are unknown. 
This dissertation will define recovery between 3 and 6 months after TKA across 
four domains: 1) hip abductor, hip external rotator, and quadriceps muscle performance 
(peak strength and RTD), 2) functional performance as measured by the five-time sit-to-
stand test, 3) the Knee Injury and Osteoarthritis Outcome (KOOS) patient-reported 
outcome questionnaire, and 4) biomechanics of walking and stair descent. Furthermore, 
this project will test the relationships between each of these four domains of recovery in 
order to explore potential interactions across domains of recovery and to identify possible 
targets for intervention during rehabilitation after TKA. Also, this project aims to use 
clinical measures assessed at 3 months after TKA to establish a predictive model of knee 
joint biomechanics during walking at 6 months after TKA. Ultimately, the purpose of this 
dissertation is to quantify early post-rehabilitative recovery after TKA and identify 
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potential objective criteria for discharge from outpatient physical therapy after TKA that 
are likely to lead to improved gait mechanics and functional mobility after TKA. 
1.3 Specific Aims 
The Specific Aims of this dissertation research comprised the following: 
AIM 1: To conduct a systematic review of the literature on recovery of muscle 
strength, five-time sit-to-stand performance, gait and stair biomechanics, and 
KOOS scores during the first 6 months after TKA. 
Hypotheses: No specific hypothesis was needed due to the nature of a systematic review 
of the current literature. Significance of Aim 1: The results of this systematic review will 
provide a synthesis of expected recovery during the first 6 months after TKA compared 
to pre-operative function and control subjects across four domains including muscle 
strength, functional performance as measured by the five-time sit-to-stand test, gait and 
stair biomechanics, and KOOS score. This systematic review will also identify current 
gaps in the literature involving these four domains and the relationships between 
domains. 
AIM 2: To quantify recovery in four domains: 1) hip abductor, hip external rotator, 
and quadriceps muscle performance, 2) Five-time sit-to-stand performance, 3) 
patient-reported outcome scores, and 4) gait and stair descent biomechanics 
between 3 and 6 months after TKA and compared to sex, age, and body mass index 
matched controls. 
Hypothesis 2A: Significant improvements in all four domains would be observed in the 
TKA group at 6 months compared to 3 months after TKA. Hypothesis 2B: Significant 
impairments in all 4 domains would persist at 6 months after TKA compared to matched 
5 
 
controls. Hypothesis 2C: Subjective patient-reported outcome measures will demonstrate 
greater relative improvement between 3 and 6 months after TKA compared to objective 
physical measures of muscle performance, five-time sit-to-stand, and gait and stair 
descent biomechanics. Significance of Aim 2: Gait mechanics and quadriceps strength 
impairments have been noted to improve longitudinally after TKA. Conflicting evidence 
exists regarding deficits compared to the contralateral quadriceps and that of a control 
group. Peak hip strength and RTD of either the hip or the quadriceps are minimally 
documented after TKA. Similarly, functional performance and stair descent 
biomechanical improvements have not been evaluated. The results of this aim will 
provide evidence of the degree of recovery across multiple domains during the post-
rehabilitative period between 3 and 6 months post TKA, addressing gaps in the literature 
identified in Aim 1. 
AIM 3: To evaluate the association between quadriceps and hip muscle 
performance, functional performance, and patient-reported outcomes scores at 3 
months and 6 months after TKA and determine the association between the changes 
in the three measures from 3 to 6 months after TKA. 
Hypothesis 3A: Muscle performance will be positively associated with functional 
performance and patient-reported outcomes at both 3 and 6 months after TKA and 
between the changes from 3 to 6 months. Hypothesis 3B: No significant relationships 
will be observed between functional performance and patient-reported outcomes at either 
3 or 6 months after TKA or between the changes between time points. Significance of 
Aim 3: The results of Aim 3 will explore the relationships between three clinical domains 
assessed in Aim 2. These data will determine if the domains are assessing unique 
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constructs related to recovery or if performance from one domain influences performance 
in another. From this aim, the utility of easily implemented clinical assessments 
(functional performance and patient-reported outcomes) in providing information related 
to outcomes with a higher equipment burden (muscle performance) will be assessed, 
potentially rapidly enhancing clinical decision-making. 
AIM 4: To determine the utility of clinical assessments performed 3 months after 
TKA in predicting knee biomechanics during walking at 6 months after TKA. 
Hypothesis 4: Measures of physical performance, but not patient-reported outcomes, will 
predict knee mechanics during walking in individuals after TKA. Significance of Aim 4: 
Although positive relationships between quadriceps strength and more symmetrical gait 
biomechanics are reported early after TKA, there are no predictive models for clinicians 
to determine future knee biomechanics using variables measured during rehabilitation. 
This data will provide clinicians and researchers with practical information to determine 
readiness for discharge based upon likelihood of achieving more normal knee motion 
patterns during walking, possibly improving long-term outcomes.  
1.4 Organization of Dissertation 
This dissertation is organized in a manner that the main findings (Chapters 3-6) detail 
the four distinct aims conducted over a period of 3 years (2014-2017) at the University of 
Kentucky. Each aim is written in manuscript format for publication in peer-reviewed 
journals. 
The literature review (Chapter 2) provides the background and motivation for this 
dissertation. Chapter 3 features a systematic review of recovery after TKA during the first 
6 months post-surgery with the purpose to define typical recovery across multiple 
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domains and to identify knowledge gaps in the literature. Chapters 4-6 were part of a 
longitudinal study of recovery after unilateral TKA with assessments occurring at 3 
months and 6 months post-surgery. Chapter 4 examined changes from 3 to 6 months in 
muscle performance, functional performance (i.e. five-time sit-to-stand), gait and stair 
descent biomechanics, and patient-reported outcomes (i.e. KOOS scores) and to compare 
these changes to the performance of a sex, age, and body mass index-matched control 
group. To do so, two assessment points were required for the TKA group (3 and 6 months 
post-surgery) and a single assessment time for control participants. Subjects performed 
identical tasks at each visit. Chapter 5 explored the relationships between the three 
clinically assessable domains described in Chapter 4. To examine these relationships, 
correlations were utilized to identify any significant relationships between the domains at 
3 months, 6 months, and the change in performance between each time point. Chapter 6 
utilized muscle performance, functional performance, and patient-reported outcome 
scores assessed at 3 months after surgery to predict knee flexion motion during gait at 6 
months after surgery. Lastly, Chapter 7 highlights the outcomes of Chapters 4-6, 
discusses the limitations of the findings and outlines future directions for additional study 
related to these projects. 
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Chapter 2: Literature Review 
The purpose of this review is to detail the prevalence of TKA, implant types and 
surgical approaches, typical post-operative rehabilitation, and outline consequences of 
TKA on muscle strength and performance, functional performance, gait and stair descent 
biomechanics, and patient-reported outcomes. 
2.1 Prevalence of Total Knee Arthroplasty 
As the incidence of osteoarthritis continues to rise, 25% of the adult population in 
the United States are projected to be diagnosed with knee osteoarthritis in the next 10 
years [21]. TKA is the current gold-standard intervention for end-stage knee osteoarthritis 
[3]. Reflecting the rise in osteoarthritis incidence, in 2010 it was reported that over 
600,000 TKA’s were performed annually and this number is projected to increase by 
673% to reach 3.5 million per year in the United States by 2030[2]. Furthermore, the 
typical candidate for TKA is now younger than previous candidates as noted in the 
substantial increase in patients under 60 years old undergoing TKA[22]. In combination, 
these trends suggest a dramatic rise in the prevalence of TKA with costs related to the 
procedure expected to approach $67 billion by the year 2030 [2, 23]. 
2.2 Types of Implant Design 
When undergoing TKA, orthopedic surgeons have a range of decisions to make 
regarding prosthetic designs. These include deciding between fixed or mobile bearing 
designs, posterior stabilized or cruciate retaining designs, and whether or not to resurface 
the patella. Fixed vs mobile bearing designs refer to the polyethylene spacer used 
between the femoral and tibial components of a TKA. In fixed bearing designs, the spacer 
is secured to the tibial component. In contrast, in mobile bearing, also referred to as 
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rotating platform, the spacer is free to rotate on the tibial component. The rotation 
allowed by the mobile bearing design more closely replicates the transverse plane motion 
of a normal knee and may reduce stress and wear on the femoral component, extending 
the life of the implant. Despite this theoretical construct, long term studies show similar 
survivorship of mobile and fixed bearing knees [24]. Additionally, gait mechanics and 
quadriceps strength outcomes are similar in both types of designs [25-27]. Furthermore, 
compared to fixed bearing designs, mobile bearing designs rely on surrounding ligaments 
and soft tissue to stabilize the knee joint. For this reason, and due to the potential 
restoration of more normal transverse plane knee motion, mobile bearing designs are 
more frequently recommended for younger and more active patients [28]. 
 Another category of implant design involves how the posterior cruciate ligament 
(PCL) is treated during surgery. If the PCL is in good condition at the time of surgery, the 
surgeon may elect to keep the PCL intact. In this instance, a cruciate retaining (CR) knee 
would be utilized. If the PCL is removed, a posterior stabilizing implant is used to 
account for the lack of stabilization once provided by the PCL. Some of the proposed 
benefits of the posterior stabilized knee are more reliable restoration of knee motion, 
improved range of motion after surgery, and possible reductions in polyethylene wear. 
Advantages of the CR knee are less bone removal during the procedure and reduce 
potential for complications from using a polyethylene post. Long-term outcomes suggest 
muscle strength, gait mechanics, and implant wear are similar with each design [29-31]. 
 Initially, TKA did not include resurfacing of the patella. However, high rates of 
patellofemoral joint pain and symptoms after TKA. In response these findings, surgeons 
began resurfacing the patella with favorable results of reduced complications, improved 
10 
 
quadriceps strength, more pain relief, and reduced need for revision surgery due to 
ongoing symptoms [32]. However, considerable debate in the orthopedic surgery 
community continues regarding the decision on whether or not to resurface the patella. 
Reasons cited for not resurfacing the patella often include the presence of normal 
cartilage, younger patients, thin patella size, and surgeon preference [33]. 
 With the improvements made in implant design in recent decades, orthopedic 
surgeons now have many options to consider in deciding the optimal implant for each 
patient. Although the long-term outcomes appear similar in all designs, implant type and 
design should be documented in studies assessing outcomes after TKA. 
2.3 Types of Surgical Approaches in Total Knee Arthroplasty 
 In addition the various implant designs, surgeons also must decide the type of 
approach to use when making the surgical incision to access the knee joint during TKA. 
The two most common approaches (midline and medial parapatellar) are standard 
cutaneous incisions[34]. More recent approaches have been developed to minimize the 
invasiveness of the procedure by preserving the extensor mechanism of the knee and 
limit soft tissue damage peri-operatively and include the subvastus and midvastus 
approaches[34].  
 Beginning with the two most common approaches, the standard midline incision 
follows the midline of the knee beginning approximately 2 cm proximal to the superior 
aspect of the patella and end at the tibial tuberosity [35]. A modification of the standard 
midline incision, the medial parapatellar incision is curvilinear, with the convex side of 
the line facing medially. The incision begins and ends at the same locations as the 
midline incision [35]. 
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 The subvastus approach involves isolating the extensor mechanism and vastus 
medialis oblique (VMO), beginning the incision inferior to the VMO[36]. The incision 
then continues distally to the medial joint capsule and the extensor mechanism is laterally 
displaced. Research indicates that the subvastus approach allows similar joint exposure as 
the medial parapatellar approach but results in less blood loss, reduced prevalence of 
lateral release, less post-operative pain, and faster recovery of quadriceps strength[37, 
38]. The midvastus approach offers similar protection of the extensor mechanism, with 
the majority of the VMO preserved[34]. Studies comparing the midvastus approach to the 
medial parapatellar approach report similar findings of reduced prevalence of lateral 
release and surgical blood loss[39]. However, no differences in quadriceps strength, knee 
joint range of motion, or proprioception were noted[39].   
2.4 Post-operative Rehabilitation 
 Rehabilitation is commonly prescribed after TKA. While the duration of 
rehabilitation varies, recovery from TKA typically involves a 1 or 2 night inpatient stay 
before initiating outpatient physical therapy for the first 8-12 weeks after surgery[3, 40]. 
An average of 19 visits are utilized over that 8-12 week period with activities consisting 
of manual therapy to improve joint range of motion, patient education, functional training 
to wean patient from assistive devices, muscle strengthening exercises, and modalities for 
pain and swelling as needed[3, 8, 41]. Criteria for discharge from formal physical therapy 
typically included achievement of full knee extension and >120° of knee flexion range of 
motion, ability to ambulate without an assistive device, and minimal knee pain with daily 
activities [42]. The persistent impairment in functional recovery after TKA suggests the 
need for objective assessment of recovery to determine readiness for discharge. 
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2.5 Recovery of Muscle Strength & Muscle Performance 
 The quadriceps is the most studied muscle after TKA with multiple investigators 
reporting both isometric and isokinetic strength[43]. Quadriceps strength is most 
impaired during the first 2 months after surgery, with the strength deficits primarily 
driven by reduced neural activation[44]. Reduced strength is expected early after surgery 
due to the invasiveness of the procedure. However, one would expect strength to recover 
with increased time from surgery. Interestingly, quadriceps strength, both isometric and 
isokinetic, is impaired between 4-6 months after TKA compared to control subjects[45-
48]. There is additional evidence demonstrating persistent weakness of the quadriceps 
compared to the non-operative limb during the first 6 months after surgery[12, 19, 46, 49-
53]. Since post-operative rehabilitation typically concludes within the first 3 months after 
surgery, these results suggest that current rehabilitation practices do not adequately 
restore quadriceps function. Fewer studies have reported quadriceps strength 1-year or 
more after surgery, but the results of these studies show quadriceps weakness remains 
impaired. A recent meta-analysis concluded that persistent post-rehabilitative quadriceps 
weakness was evident at 4-6 months and as late as 1-3 years after surgery[43, 48, 54-60]. 
However, due to high heterogeneity in the results reported in each study, the quality of 
evidence was low. 
 Muscle strength of the hamstrings has also been evaluated after TKA. The results 
are mixed for isometric strength at 4-6 months and 1-3 years after TKA, with a recent 
meta-analysis finding no significant difference in isometric hamstring strength at either 
time point after TKA[43]. Fewer studies have investigated isokinetic hamstring strength 
with three studies reporting significant weakness in the TKA group 1-3 years post-
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surgery compared to controls[48, 59, 60]. Ultimately, a meta-analysis concluded that 
isokinetic hamstring strength was significantly weaker than controls between 1-3 years 
post-surgery, but not different 4-6 months post or >3 years post-operatively[43]. As with 
quadriceps strength, the quality of evidence was low for hamstring weakness after TKA. 
 Investigations of hip muscle strength after TKA are in their infancy. Prior studies 
have demonstrated hip muscle weakness in individuals with knee osteoarthritis[61]. It 
follows that without specific intervention hip weakness would persist following TKA. 
Surprisingly, no studies to date have evaluated hip muscle strength compared to control 
subjects. One study compared isometric hip abduction strength in the operative to the 
non-operative limb after TKA and found no significant difference [62]. However, 
improved strength in the hip abductors is associated with improved physical function 
justifying additional inquiry into possible muscular factors that may influence outcomes 
after TKA[17, 62]. One thing is clear, however, a thorough investigation of hip muscle 
strength after TKA is warranted to determine potential deficits both between-limbs and 
compared to a control group and to evaluate the influence of potential hip muscle 
weakness in outcomes after TKA. 
 Beyond peak muscle strength, early investigations into rapid torque production 
after TKA are of interest. Rate of torque development (RTD) measures how quickly an 
individual can generate torque in an isometric contraction. Since most daily functional 
activities such as walking, stair negotiation, and sit to stand occur relatively rapidly, 
adequate muscle torque must be generated during critical time periods for successful 
completion of the task. Since RTD measures the rate at which muscle torque is generated, 
it has potential to be a valuable measure of muscle performance and patient recovery after 
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TKA. Preliminary studies of quadriceps RTD in patients after TKA show that RTD is 
impaired pre-operatively through at least 6 months post-operatively and RTD 
significantly contributed to functional measures of recovery including walking and stair 
climbing [18]. A similar study also identified deficits in quadriceps RTD pre-operatively, 
3 months, and 6 months post-operatively [19]. Additional investigations of quadriceps 
RTD are needed to fully capture recovery of quadriceps function and how deficits may 
interfere with functional tasks. Furthermore, measures of RTD in isometric hip muscle 
strength may also prove valuable as the role of the hip after TKA is further elucidated. 
2.6 Five-time Sit-to-Stand 
 The five-time sit-to-stand test (FTSTS) is a commonly utilized, clinically-feasible 
functional test that is often used to document recovery after lower extremity surgery or 
injury. To complete the test, patients are asked to perform five consecutive sit-to-stands 
without using their hands or upper extremities for propulsion. The task is timed from the 
initiation of the first sit-to-stand through completion of the final sit after the fifth sit-to-
stand. The minimal detectable change of the FTSTS is 2.5 seconds, meaning that a 
reduction in time to complete the test is considered beyond measurement error only if 
performance is reduced by greater than or equal to 2.5 seconds[63]. In patients after 
TKA, FTSTS performance worsens during the 1st post-operative month compared to pre-
operative performance[49]. After this initial decline in performance, performance 
improves throughout the first year of recovery[49, 64, 65]. However, performance on the 
FTSTS in patients with TKA is noted to be worse than controls at all time points pre and 
post-operatively and improvements with additional time from surgery, on average, do not 
exceed the minimal detectable change. This suggests that recovery in functional 
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performance, as measured by the FTSTS, is incomplete after TKA. Providing further 
evidence to this point, a recent study with pre-operative and 1-year post-operative 
assessments demonstrated that patients whose FTSTS performance improved by greater 
than 2.5 seconds were significantly more likely to demonstrate more normal and 
symmetrical gait patterns[66]. Findings such as those of this recent study highlight the 
potential for the FTSTS to be utilized as an objective assessment to determine readiness 
for discharge from rehabilitation after TKA. Future studies should include common 
clinical assessments, including the FTSTS, to document expected performance of patients 
after TKA at various time points. These data would also allow for more information to be 
derived from FTSTS performance and arm clinicians with better tools to evaluate 
recovery and readiness for discharge from rehabilitation after TKA. 
2.7 Walking Biomechanics 
 Walking is a fundamental task for many activities of daily living. Prior to TKA, 
patients with knee osteoarthritis report difficulty walking to the point that their quality of 
life is reduced. Evaluation of walking after TKA provides essential information of the 
level of recovery achieved and is considered a measure of success for the surgery. For 
this literature review, ground reaction force, kinematic, and kinetic variables were 
included. Emphasis was placed on changes within the operative limb at different time 
points after surgery, comparison to pre-operative gait, comparison to the non-operative 
limb, and comparison to control subjects in order to fully evaluate the impact of TKA and 
recovery of gait after surgery and subsequent rehabilitation. 
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Ground Reaction Force 
 Ground reaction force (GRF) is recorded using force platforms and measures the 
force applied by a person when they are in contact with the ground. GRF is often used as 
a measure of external loading. Investigations into GRF variables after TKA have focused 
on vertical GRF, the highest magnitude GRF during most functional tasks. When 
comparing the TKA to the non-operative limb during self-selected walking, peak vertical 
GRF values were similar in a group of patients between 4-96 months post-surgery[67]. 
Also reported were loading rates, or the rate of increase in vertical GRF during early 
stance, with no significant differences identified[67]. A separate study compared the 
TKA and non-operative limbs at pre-surgery and 2 years post-surgery and found that 
peak vertical GRF was significantly greater in the non-operative limb at both time points 
[68]. Furthermore, peak vertical ground reaction force increased bilaterally 2 years post-
surgery compared to pre-operative values, primarily due to increased walking speed at 
the 2-year time point. Although no differences in loading rates were observed between 
limbs at either time point, loading rates significantly increased 2 years post-TKA 
compared to pre-operatively, also due to faster walking speeds noted at 2 years post-
surgery.  
 All of the previously discussed studies measured GRF variables at a self-selected 
walking speed. Given asymmetries in GRF variables pre-operatively, it is not surprising 
that individuals walk with a strategy to bear more load, and greater GRF, in the less 
affected limb after TKA. Study protocols evaluating only self-selected walking speed 
may mask deficits in loading as these patients may avoid walking at faster speeds in order 
to minimize dramatic increases in GRF in the non-operative limb. Thus, having TKA 
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patients walk at a faster than normal pace may reveal asymmetries in GRF variables and 
better reflect recovery after surgery. Nonetheless, the finding of asymmetrical peak 
vertical GRF two years post-TKA suggests that patients continue to favor the non-
operative limb and may explain the high likelihood of contralateral knee replacement in 
the decade following the initial TKA. 
Sagittal Plane Joint Kinematics 
 Many studies have investigated sagittal plane kinematics of the knee after TKA. 
In this plane, commonly reported variables include knee flexion angle at initial ground 
contact, maximum knee flexion angle during both stance and swing, and knee flexion 
excursion, or the total knee flexion range of motion occurring during stance or swing.  
 Compared to control subjects, patients after TKA demonstrate similar knee 
flexion angle at initial contact with this finding replicated in multiple studies[69-71]. 
However, comparisons of maximum knee flexion angle during both stance and swing 
show significant reductions in knee flexion angle in TKA subjects[72-75]. The 
differences compared to controls in these studies ranged between 6-8° in peak knee 
flexion angle during stance phase. Similar findings were observed when comparing peak 
knee flexion during swing as between 8-10° less flexion was noted in the TKA limb than 
controls[69, 71, 75]. When combined, these findings suggest that patients after TKA have 
similar knee flexion angles at initial contact but undergo less knee flexion during stance 
and swing.  As a result, knee flexion excursion is reduced in patients after TKA 
compared to controls with differences of 8° and 9° reported [69, 75]. The studies 
reporting findings contrary to those reported above either consisted of smaller sample 
sizes and thus were susceptible to Type II error or included TKA subjects and controls 
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who walked at similar velocities[76]. It could be argued that these TKA subjects were 
more functionally capable as evidenced by their gait speed and thus had recovered to a 
level in which kinematic differences were not apparent. This finding strengthens the 
argument for use of gait mechanics as a valuable outcome measure after TKA. When 
compared to pre-operative values, reports of sagittal plane knee motion are varied. 
Studies of participants at 2 months and 6 months post-surgery reported reduced peak 
knee flexion angles post-operatively while the studies performed 1 year post-surgery 
report increased peak knee flexion[70, 72, 74, 77]. These findings indicate that pre-
operative peak knee flexion values are likely achieved between 6-12 months after 
surgery. However, comparisons to pre-operative values should be interpreted with 
caution as using an arthritic knee set to undergo TKA as the standard for successful 
recovery may be unwise due to previously reported gait adaptations to knee osteoarthritis. 
For this reason, comparisons to well-matched control subjects may better establish 
potential impairments that remain during recovery from TKA. 
Sagittal Plane Joint Kinetics 
 Kinetic analyses of gait often accompany kinematic variables as a means of 
determining joint moments to inform researchers and clinicians of the effects of GRF on 
lower extremity joints during gait. Moments can be reported as either internal or external, 
with one being equal in magnitude but opposite in direction than the other (i.e. external 
knee flexion moment = internal knee extensor moment). Peak internal knee extension 
moment is reduced in TKA subjects compared to controls in overall peak value, value at 
midstance, and at weight acceptance[69, 70, 74]. The magnitude of difference varied, 
ranging between a 20-50% deficit. Even in the studies with an average assessment date of 
19 
 
4 years post-surgery, reduced knee extensor moments were observed in patients with 
TKA compared to controls[75].  
 When comparing post-operative to pre-operative sagittal plane kinetics, the results 
vary depending on length of time since surgery. Studies featuring the earliest follow-up 
time (2 months) report reduced knee extensor moment post-operatively[74]. However, at 
1 year follow-up, overall peak knee extensor moment was not significantly different than 
pre-operative measures despite post-operative peak moment at weight acceptance being 
significantly greater than pre-operative measures [70]. In addition to the methodological 
issues raised regarding the post-operative time points selected, the selection of 
appropriate control subjects is also a concern. None of the 8 studies utilizing a control 
group were matched to the TKA group for body mass or body mass index (BMI). This is 
problematic for two reasons: 1) obesity is a known risk factor for osteoarthritis so TKA 
subjects are often heavier than their corresponding control group, and 2) kinetic variables 
are commonly normalized to body mass. For these reasons, kinetic variables are 
potentially influenced by large differences in body mass between groups. A large mean 
body mass for the TKA group may artificially reduce the joint moments compared to a 
control with a lower body mass, potentially influencing the differences between groups 
noted above. For this reason, controls should be matched for body mass and/or BMI 
when possible. 
Frontal Plane Joint Kinematics 
 One of the goals of TKA is to correct joint deformity and restore normal joint 
alignment. Deviations in the frontal plane with either knee varus or valgus deformity are 
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common in knee osteoarthritis. Hence, measuring dynamic frontal plane knee motion is 
essential to a successful outcome after TKA. 
 Peak knee adduction angle during gait is a common measure reported in studies 
related to TKA. When compared to controls, peak knee adduction angle was similar after 
TKA with only a 0.2 degree difference on average[71, 78]. Similar knee adduction angles 
have been reported at various time points after TKA indicating that the procedure is 
successful in restoring a more neutral alignment[79-81]. As noted previously, sagittal 
plane mechanics appear to improve longitudinally after surgery. The fact that peak knee 
adduction angle is similar to control subjects early after surgery indicates that 
improvement in this variable are primarily due to surgery and not post-operative 
recovery. 
 In comparison to the non-operative limb, operative limb peak knee adduction 
values were reduced compared to the non-operative limb, further suggesting that the goal 
of more neutral frontal plane alignment is achieved[67, 82]. Reports of greater peak knee 
adduction angle in the non-operative limb are of interest given the likelihood of 
contralateral TKA within 10 years after the initial surgery[83]. 
Frontal Plane Joint Kinetics 
 Frontal plane kinetics are known to play a role in the progression of knee 
osteoarthritis as elevated frontal plane moments are thought to advance the severity of 
osteoarthritis, particularly in the medial compartment. Given that frontal plane kinematics 
and kinetics are linked, one would expect a reduction in frontal plane moments in 
conjunction with reduced peak knee adduction angles after TKA. Often utilized as a 
measure medial joint loading, external knee adduction (or internal knee abduction) 
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moment are important to observe after TKA as a means of measuring the success of the 
procedure and to ensure excessive medial joint loading does not accelerate wear on the 
prosthesis. 
 External knee adduction moment of the TKA limb, when compared to control 
subjects, has been reported as either not significantly different or significantly reduced 
after TKA[67, 69, 76, 84]. A typical external knee adduction moment curve during gait 
exhibits a bimodal pattern, with most studies either reporting the peaks individually or 
reporting the highest of the two peaks. Regardless, TKA appears to successfully reduce 
external knee adduction moment to be equal to or less than controls. Compared to pre-
operative values, peak external knee adduction moment is reduced at 6 months post-
surgery and is similar to values observed in healthy controls [78, 81]. Interestingly, at 1 
year post-surgery, one study reported an increase in peak external knee adduction 
moment to pre-operative levels[81]. The underlying mechanism behind the increase in 
frontal plane moment is unclear but may have been influenced by increased gait speed, 
decline of the contralateral limb requiring increased loading of the TKA limb, or 
increased loading through the operative limb as recovery continued between 6 months to 
1 year post-surgery.  
 The identification of consistently reduced knee adduction moment after TKA is 
consistent with findings of reduced peak knee adduction angle. This is not surprising as 
greater knee adduction angles increase the distance of the moment arm of the vertical 
GRF vector from the knee joint, resulting in a subsequently greater external knee 
adduction moment. Taken together, TKA appears to successfully restore more neutral 
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frontal plane knee alignment bringing both peak knee adduction angle and peak external 
knee adduction moments down to values observed in control subjects. 
2.8 Stair Descent Biomechanics 
 Stair ascent and descent are more demanding tasks than level walking as 
evidenced by stair negotiation commonly listed as one of the most difficult activities for 
older adults, patients with knee osteoarthritis, and patients with TKA[85, 86]. This 
difficulty is reflected in stair negotiation being included in many subjective patient 
reported outcome questionnaires for patients with lower extremity impairments[87-89]. 
Specific to TKA, patients often report greater difficulty with stair descent than stair 
ascent[6]. Thus, an understanding of the effect of TKA on stair negotiation, in particular 
stair descent, is essential to determine the level of recovery in this demanding, but 
necessary, daily activity. Currently, very few studies have analyzed stair descent 
biomechanics after TKA. 
Sagittal Plane Joint Kinematics 
 Initial studies of sagittal plane knee motion during stair descent after TKA have 
failed to reach consensus, with some reporting reduced knee flexion excursion after TKA 
and other reporting no significant differences compared to controls or the non-operative 
limb[75, 90-92]. These early studies raise several methodological concerns including use 
of a control group or comparisons to varying pre-operative or post-operative time points 
as well as controlling the manner in which the participants descended the stairs. Few 
studies have included a control group, pre-operative measures, or multiple post-operative 
time points, thus making an assessment of recovery in stair descent after TKA difficult. 
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Sagittal Plane Joint Kinetics 
 Again, few studies have thoroughly investigated stair descent after TKA. A single 
study reported reduced external knee flexion moment between a control limb and the 
TKA limb in patients 22-98 months post-surgery[75]. All other studies noted no 
differences between groups in external knee flexion moment between groups[90, 91, 93, 
94]. 
Frontal Plane Joint Kinematics 
 To date, no studies have reported frontal plane knee angles during stair descent. 
Frontal Plane Joint Kinetics 
 Similar to findings observed in previous studies of walking gait, no differences 
were observed between external knee adduction moments between patients after TKA 
and controls[91, 94, 95]. Although stair descent is more demanding than level walking, 
correction of the frontal plane static alignment of the knee joint during TKA appears to 
result normalize frontal plane knee moments to within normal values for healthy controls 
during dynamic activities. 
 In summary, it is clear that there is much to learn regarding stair descent after 
TKA. Future studies should evaluate not only the landing (or leading) limb during stair 
descent, but the stance limb (or trailing limb) as well. Since stair descent is a bipedal task, 
the strength and stability of the stance limb potentially influences the mechanics of the 
landing limb and should be considered in evaluating recovery after TKA. 
2.9 Knee Injury & Osteoarthritis Outcome Score 
 Patient-reported outcome (PRO) measures have become nearly ubiquitous in all 
healthcare settings as a means of quickly tracking and evaluating outcomes. The Knee 
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Injury and Osteoarthritis Outcome Score (KOOS) is one of the most commonly used 
PRO measures for patients recovering from TKA and has been shown to be reliable and 
valid in this population[88]. The KOOS contains five subscales: 1) Pain, 2) Symptoms, 3) 
Activities of Daily Living, 4) Sport and Recreation function, and 5) knee-related Quality 
of Life. Each subscale is scored separately with scores ranging from zero (lowest 
functioning knee) to 100 (no knee problems/highest functioning knee)[96]. No distinct 
minimal important change (MIC) has been established that is specific to patients after 
TKA, but increases of 8-10 points on each subscale have been documented in other 
clinical populations[88]. Floor and ceiling effects have been documented in patients with 
TKA. A floor effect is most likely to occur pre-operatively, especially in the 
sports/recreation subscale, as 48% of patients scheduled for TKA have reported the worst 
possible score in this subscale[88]. Ceiling effects have been noted for the pain and 
sports/recreation subscale at 6 months post-TKA and in the pain and quality of life 
subscales at 1 year post-surgery[88]. 
 Given the previously noted ceiling effects, documentation of changes in KOOS 
scores during recovery from TKA are of interest. After initial declines in KOOS score 
early after surgery, improvements in scores are noted to be time-dependent with scores 
across subscales improving with additional time from surgery[97-101]. Recent evidence 
has questioned the value of KOOS scores in long-term assessment of patient function 
after TKA. A strong correlation has been observed between KOOS Pain and KOOS ADL 
subscores, suggesting that as pain decreases patients perceive additional improvement in 
their ability to perform ADLs[100]. Other studies have demonstrated a lack of 
relationship between KOOS scores along with other PRO measures and patient’s physical 
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or functional performance[102, 103]. This evidence, combined with the potential for 
ceiling effects at 6 and 12 months post-operatively suggest that patients may perceive 
their recovery to be more complete than it actually has. Thus, the value of the KOOS may 
be especially important during the first 6 months of recovery prior to the onset of 
potential ceiling effects. Exploration of relationships between functional performance 
tests, biomechanics, and KOOS scores during the earlier phases of rehabilitation may 
provide clinicians with valuable information related to critical benchmarks for recovery 
after TKA and should be featured in future studies of patients after TKA. 
2.10 Summary of Literature Review 
 Deficits in quadriceps strength and gait mechanics are common after TKA. Less 
evidence exists for hamstring strength, hip strength, RTD, and FTSTS performance 
deficits. Improvement in KOOS scores appear to be time-dependent for the first 6 months 
after surgery, after which the potential for ceiling effects increases. Minimal evidence 
exists regarding the biomechanics of stair descent, despite the fact that this task is 
commonly reported as one of the most difficult for patients after TKA. The findings of 
this review suggest that current rehabilitation practices to not restore full muscle strength 
or functional recovery in patients after TKA despite improvements in the patient-reported 
outcomes. Thus, additional studies investigating recovery during the first 6 months after 
TKA across multiple objective and patient-reported domains are needed to establish 
expected recovery and explore relationships between domains in order to better focus 
current rehabilitation decision-making and develop improved interventions. 
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Chapter 3: Early Alterations in Muscle Strength, Functional Performance, Gait and 
Stair Mechanics, and Patient Reported Outcomes after Total Knee Arthroplasty: A 
Systematic Review 
3.1 ABSTRACT 
Background: Total knee arthroplasty (TKA) is considered the gold-standard treatment for 
end-stage knee osteoarthritis and typically requires lengthy periods of rehabilitation to 
restore normal function. While TKA offers successful reduction in knee pain from 
osteoarthritis, persistent limitations in physical function indicate potentially incomplete 
recovery. Due to the expected surge in demand for TKA, a thorough understanding of 
recovery across multiple domains is critical. The aim of this systematic review was to 
determine changes in leg muscle strength, functional performance, gait and stair 
mechanics, as well as patient-reported outcome scores during the first 6 months after 
TKA to better understand the natural progression of pain, function, mobility, and 
independence. 
Methods: A search of PubMed was conducted. To be included, studies had to be 
published since 1995, written in English, and include 2 of the following time points: 
preoperative, 3 months postoperative, 6 months postoperative.  
Results: Forty-four studies met the inclusion criteria. Quadriceps strength is impaired 
during the first 3 months after TKA, with limited evidence that it normalizes after 6 
months. Minimal evidence of strength impairments in other lower extremity muscles 
exists. KOOS scores improve with time after TKA. Few studies report longitudinal 
changes in functional performance and gait and stair mechanics during the first 6 months 
after TKA. 
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Conclusion: There is good evidence for improvement in KOOS scores after TKA, but 
limited evidence for improvement in leg muscle strength, functional performance, and 
gait and stair mechanics during the first 6 months after TKA. Physical performance 
measures demonstrate persistent deficits after TKA that may not be accurately measured 
by patient reported outcomes. Given limitations on access to rehabilitation after the first 6 
months post-surgery, longitudinal assessments of physical performance measures after 
TKA are needed to identify potential impairments that could be addressed during early 
postoperative periods. 
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3.2 INTRODUCTION 
Total knee arthroplasty (TKA) is considered the gold-standard treatment for end-
stage knee osteoarthritis [3]. More than 600,000 TKAs are performed annually in the 
United States and the procedure is estimated to increase to 3.5 million by 2030 due to a 
growing older adult population and the high prevalence of obesity [1, 104]. While TKA is 
largely considered successful in reducing knee pain and the majority of patients are 
satisfied with the surgery, 34% of patients report not feeling normal after surgery and 
52% report continued difficulty with functional tasks that are essential for normal daily 
function [5-7, 54, 105, 106]. Additionally, biomechanical asymmetries of gait are noted 
more than one year post surgery [107, 108]. These results suggest that restoration of 
physical function is incomplete and patient satisfaction may be an insensitive measure of 
functional recovery. 
  After TKA, patients often participate in post-operative physical therapy to restore 
muscle strength, knee range of motion, and functional mobility [3]. However, the 
duration, frequency, and intensity of therapy after TKA is variable and patients frequently 
demonstrate muscle strength, gait, and functional mobility deficits years after TKA [109]. 
Most commonly, patients receive supervised therapy for the first 8-12 weeks after 
surgery, with an average of 19 outpatient visits [3]. Although much attention has been 
given to long-term (≥1 year post) outcomes, there is little understanding of patient 
progress during the first 6 months after TKA when the effects of rehabilitation should be 
most apparent. 
Post-acute care rehabilitation remains on the largest expenditures in patients 
undergoing TKA[110]. As the number of individuals requiring TKA increases, an 
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understanding of recovery during the first 6 post-operative months is critical to improving 
outcomes from TKA. A variety of assessments have been established to quantify 
improvement after TKA including assessments of muscle strength, functional 
performance, gait and stair mechanics, and patient reported outcome (PRO) scores. A 
common test of functional performance includes the five-time sit-to-stand [49, 64-66] and 
one of the most common PRO measures is the Knee Injury and Osteoarthritis Outcome 
Score (KOOS) [43, 88, 108, 111, 112]. These assessments allow clinicians to assess 
patient progress throughout postoperative rehabilitation across multiple domains, but 
evidence of the typical progression during the first 6 months after TKA is not well 
established. In identifying early deficits in these domains, clinicians and researchers can 
work to develop more efficient and cost-effective intervention strategies to implement 
during the early months of rehabilitation to achieve better early outcomes and reduce the 
long-term deficits that have been previously reported after TKA [5, 6, 108, 113, 114].  
 The aim of this systematic review is to determine the expected muscle strength, 
functional performance, gait and stair mechanics, and KOOS scores in patients 3 months 
and 6 months post-TKA to better understand the natural progression of pain, function, 
mobility, and independence. In doing so, a profile of typical impairments will be 
established to guide rehabilitation professionals and clinical researchers in identifying 
modifiable factors to focus on during postoperative periods in which access to therapy is 
more common and accessible. 
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3.3 MATERIALS AND METHODS 
Database and Searches 
 Studies were identified through a search of PubMed from 1995 to January 2015. 
The search was restricted to within the past 20 years due to changes in TKA implant 
design and surgical procedures that make older publications less representative of a 
current patient[115]. The search terms used to define the population are presented in 
Table 3.1A. Each outcome of interest was searched separately using the terms presented 
in Table 3.1(B-E). 
 After applying search limits (English, 20 years), the titles and abstracts were 
assessed according to predetermined inclusion and exclusion criteria. The full text articles 
were obtained for potentially eligible studies and in cases in which the information 
presented in the abstract was not sufficient to exclude an article. Studies that satisfied the 
inclusion and exclusion criteria were included in the final review. Lastly, the reference 
lists of all retrieved full text articles were reviewed for inclusion to supplement electronic 
searching. 
Study Selection Criteria 
 In order to be included in the review, studies were required to investigate patients 
with a unilateral primary TKA for osteoarthritis, be published in English and within the 
past 20 years, and include two of the following three time points for the desired outcome 
measures: pre-surgery, 3 months post-TKA, and 6 months post-TKA. Additionally, 
motion analysis systems for data capture were required for all studies on gait and stair 
mechanics. Comparison to the non-operative limb or a control group was not required for 
inclusion, but these data have been included in the review when present.  Revision TKAs 
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were excluded due to the additional decline in outcomes and strength performance that 
are noted after this procedure [116, 117]. Lastly, gait and stair studies that included 
bilateral TKAs were excluded due to the potential influence of bilateral surgery on limb 
mechanics[118]. 
Data Extraction 
 Reporting for the current systematic review followed the Preferred Reporting 
Items for Systematic reviews and Meta-analysis (PRISMA) guidelines[119]. In cases in 
which the data were presented in graphical form, numerical values were estimated from 
the published graph(s) and figure(s) using NIH ImageJ software [18, 19, 46, 52, 99, 101, 
120-124]. 
3.4 RESULTS 
Selection of Studies 
 Forty-four studies were included in the review (17 for strength[12, 18, 19, 45, 46, 
48-53, 122, 124-128], 3 for five-time sit-to-stand [49, 64, 65], 9 for walking gait[52, 72, 
78-81, 103, 129, 130], 2 for stair navigation[72, 78], and 18 for KOOS scores[19, 97-101, 
120, 121, 123, 129, 131-138]). Five studies were used for more than one outcome [19, 52, 
72, 78, 129]. The most common reason for exclusion was lack of preoperative, 3 month, 
or 6 month post-TKA data. One gait study was excluded due to reporting coefficient of 
variance instead of discrete gait variables [139]. One KOOS study was excluded due to 
creating a hybrid measure from selected questions of the KOOS Activities of Daily 
Living (ADL) and Sports/Recreation subscales [140]. Figures 3.1A-D outline the flow of 
the selection process. 
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Study Characteristics 
 A summary of the included studies in each category is presented in Table 3.2. The 
number of subjects in each study ranged from 10 to 494 with 3,076 subjects overall (965 
males, 2,012 females, 99 not stated). Ten studies included a control group and ranged 
from 10 to 30 subjects with 192 total subjects (57 males, 84 females, 51 not stated).  
Outcome Measures 
Muscle Strength 
Quadriceps Strength 
All but two studies reported strength deficits in the operative limb 3 months post-
surgery compared to preoperative[50, 51]. In both instances, isokinetic knee extension 
was 5-7% improved in the operative knee 3 months after surgery. Of the included studies, 
quadriceps strength improved between 3 and 6 months for each study, but 4 out of 13 
studies reported that the operative limb at 6 months remained weaker than preoperatively. 
Furthermore, compared to the nonoperative limb and a control group, the operative limb 
demonstrated reduced isokinetic and isometric strength preoperatively, 3 months, and 6 
months post-TKA in 14 studies. Complete results are reported in Tables 3.3A and 3.3B. 
Hamstring Strength 
Six studies reported data for hamstring strength after TKA, with three of six 
reporting isokinetic strength data [48, 51, 128] and four of six reporting isometric [51, 53, 
122, 125]. For isokinetic strength, the results are mixed. Lorentzen et al[51] reported 
increased isokinetic hamstring strength at 3 and 6 months compared to pre-operatively. 
However, at each time point the TKA limb was weaker than the nonoperative limb. Kim 
et al [48] reports a decrease at 3 months post-TKA compared to preoperative values, with 
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values not significantly different at 6 months compared to preoperative. Rodgers et 
al[128] reported that the operative limb was weaker compared to the nonoperative prior 
to surgery, but strength values were equal 3 months post-surgery. Isometric hamstring 
strength results are also mixed. Calatayud et al. [125] and Lorentzen et al.[51] reported 
reductions postoperatively, while Judd et al.[122] found no difference preoperatively, 3 
months post, or 6 months post. Another study found reductions in hamstring strength 
compared to a healthy group preoperatively and 6 months post-surgery, but no 
differences compared to the nonoperative limb at any time point [53]. 
Hip Abduction Strength 
One study compared isometric hip abduction strength of the operative limb pre-
operatively and 3 months postoperatively using a hand-held dynamometer [125]. Hip 
strength was reduced within the operative limb post-TKA, however, no comparisons to 
the nonoperative limb, a control group, or to 6 months post-surgery were made. 
Five-time Sit-to-stand 
 Performance on the five-time sit-to-stand test was improved at both 3 months and 
6 months post-operatively compared to pre-operative [49, 64, 65]. Further improvement 
was noted at 6 months compared to 3 months post-surgery [49]. However, due to the 
nature of these studies, statistical tests for significant differences between time points 
were not performed and none of the studies included comparison to a control group. 
Gait Mechanics 
Kinematics 
There are no differences in sagittal plane knee motion during the first 3 months 
after TKA compared to preoperative motion [79, 103]. At 6 months post-TKA, two 
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studies report that knee flexion motion is improved and is equal to the nonoperative limb 
[80, 130]. However, one of these studies along with one other demonstrated no change in 
peak knee flexion angle or knee flexion excursion during stance compared to 
preoperative values [80, 81].  
 Regarding frontal plane motion, no differences in peak knee adduction angle are 
noted compared to a control group but more frontal plane knee excursion is noted in the 
TKA group preoperatively and 3 months postoperatively compared to controls [78, 79]. 
After surgery, peak knee adduction angle is reduced 3 and 6 months postoperatively 
compared to preoperative values and a control group [78, 80, 81]. 
 A single study reported hip kinematics and found that sagittal plane hip motion 
was reduced in the TKA group compared to controls[130]. Additionally, sagittal plane 
hip excursion reduced in the TKA limb 3 months after surgery compared with 
preoperatively[130]. 
Kinetics 
 Three studies investigated frontal plane knee moments [78, 80, 81]. Compared to 
a control group, TKA patients demonstrate a greater knee adduction moment prior to 
surgery[78]. Six months after TKA, knee adduction moment is not significantly different 
than the control group[78]. A similar reduction in knee adduction moment is noted at 
both 3 and 6 months postoperatively compared to preoperative values [80, 81]. 
 Knee extensor moment differences have also been reported within 6 months after 
TKA. At 6 months postoperatively, knee extensor moment is reduced in TKA patients 
compared to controls[72]. Conflicting results were reported comparing 6 months knee 
extensor moment to preoperative values. One study reported a significant increase in 
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knee extensor moment after surgery[80], while another reported no difference 6 months 
postoperatively[72]. 
Stair Mechanics 
 Only two studies have evaluated stair mechanics and only stair ascent was 
reported [72, 78]. Patients 6 months after TKA ascend stairs more slowly, with reduced 
stride length, reduced knee flexion angle, and reduced total lower extremity moment than 
a control group[72]. Additionally, no differences in frontal plane knee angle during stair 
ascent were observed between limbs or compared to a control group 6 months after 
TKA[78]. However, frontal plane knee moment was reduced in the TKA group after 
surgery compared to the control group[78]. 
KOOS Scores 
A total of 18 studies reported at least one subscale of the KOOS. Of those, 14 
presented data comparing 3 month scores to preoperative scores [19, 97-101, 129, 132-
138]. All but 2 studies demonstrated an improvement in all subscales with the exception 
being the ADL subscale[136], Quality of Life subscale[136], and Symptom subscale[19], 
as each declined in a single study (Table 3.4A). Comparing 6 month scores to 
preoperative scores, only a single study [19] reported a 0.5% decline in the Symptoms 
subscale. All other studies reported improvement ranging from 6.5%[120] to 62.3%[101] 
(Table 3.4B). Lastly, 7 studies compared 3 month to 6 month scores and all demonstrated 
an improvement in all subscales [19, 97-101, 132]. 
3.5 DISCUSSION 
 This systematic review sought to determine changes in lower extremity muscle 
strength, functional performance as measured by the five-time sit-to-stand test, gait and 
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stair mechanics, as well as KOOS scores during the first 6 months after TKA. The 
findings of this systematic review are pertinent to clinical practice and research related to 
rehabilitation after TKA. Patients undergo TKA to reduce pain and improve function. As 
the review has demonstrated, there are improvements in the KOOS while muscle 
strength, functional performance, and quantitative gait mechanics continue to 
demonstrate persistent deficits following surgery. This highlights the importance of pre-
operative counseling with the patient to set appropriate expectations following surgery 
[141]. Additionally, these results emphasize the necessity of utilizing objective 
performance measures to determine recovery after TKA. The goals of rehabilitation are 
often to improve muscle strength, restore normal gait, and return the patient to 
independent functional mobility. Post-acute care costs account for nearly 45% of the total 
costs associated with TKA, which highlights the need for novel interventions to 
maximize outcomes within the first 3 months after surgery[110]. The early months after 
TKA represent the sole opportunity for rehabilitation to improve function and maximize 
patient ability in current health care practice. Given that deficits in strength, functional 
performance, gait, stairs, and patient reported abilities remain impaired for years after 
TKA [5, 6, 108, 111], a more thorough understanding of the deficits that exist after TKA 
is needed to identify the key modifiable factors early in rehabilitation that lead to the best 
long-term outcomes. The current systematic review highlights longitudinal changes 
across multiple domains that occur during post-operative periods when patients most 
likely have access to skilled rehabilitation and identifies key gaps in the literature in 
which additional research is needed.  
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Quadriceps strength is impaired at 3 months compared to preoperatively. All 
studies reported improvement in quadriceps strength from 3 to 6 months, but the 
operative limb remained weaker than the non-operative limb and the control groups. Less 
evidence was noted for changes in hamstring strength, but the operative limb is weaker 
than the nonoperative preoperatively, at 3 months, and at 6 months postoperatively. 
Mixed results were found for differences in hamstring strength of the operative limb at 
different time intervals. Additionally, there is limited evidence for changes in hip muscle 
strength post-TKA. Consistent with the findings of this systematic review, other 
systematic reviews and observational studies at various postoperative time points have 
identified quadriceps strength impairments after TKA [43, 142]. Quadriceps strength has 
been related to improvement in functional mobility after TKA and improving strength of 
this muscle group is a key component of postoperative rehabilitation [10, 105, 143, 144]. 
The mechanism behind continued quadriceps weakness has yet to be identified and 
research seeking to identify novel therapies to overcome post- strength deficits in a post-
TKA population is ongoing [145-147]. Furthermore, the contribution of other lower 
extremity muscle groups to gait and functional ability after TKA have not been clearly 
established. Evidence is beginning to emerge linking hip abduction strength with 
improved mobility after TKA, but the time course of hip strength changes after TKA are 
not clearly established[17, 62]. Given the critical role of the hip muscles in providing 
stability during dynamic activities, additional research defining the contribution of hip 
muscle strength during the recovery of mobility during early postoperative periods after 
TKA is needed. 
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There is limited evidence for recovery of functional performance during the first 6 
months after TKA as measured by the five-time sit-to-stand test. Three studies have 
reported improvement from pre-operative measures, but tests of statistical significance 
were not performed nor did the improvements exceed the minimal detectable change 
value of 2.5 seconds[63]. Tests of functional performance such as the five-time sit-to-
stand are easily implemented in a clinical setting a represent an area of great potential for 
assessing recovery post TKA. One recent study noted that patients after TKA who 
exceeded the minimal detectable change in five-time sit-to-stand performance at 1 year 
post surgery compared to their pre-operative performance also demonstrated significant 
improvement in gait patterns [66]. These findings suggest that the five-time sit-to-stand 
test may serve as a valuable clinical measure of recovery after TKA. Additional studies 
are needed to determine the relationship of five-time sit-to-stand performance to specific 
gait parameters and the predictive properties of the test would improve the clinical utility 
of this functional performance measure. 
 Although impairments in sagittal and frontal plane knee mechanics of the 
operative knee have been reported across varying time points, there have been few 
studies reporting the longitudinal kinematic changes that occur during the first 6 months 
after TKA. Knee adduction moment is increased preoperatively compared to control 
groups, but the differences minimize 6 months after surgery. Knee extensor moment has 
been shown to be reduced preoperatively and possibly at 6 months after TKA. Reduced 
knee flexion angle and knee flexion excursion has been found after TKA, but the time 
course of gait kinematic and kinetic changes is not clear[108]. In bipedal tasks such as 
gait, the motion of one limb inherently influences the other and asymmetries in gait have 
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been found to lead to further degeneration in the nonoperative limb[83]. A previous 
systematic review noted reduced knee flexion angle and knee flexion excursion in 
patients between 6 and 58 months post-TKA[108]. Asymmetrical gait patterns may lead 
to altered loading in the contralateral limb or in other joints of the operative limb. 
Changes in loading may have significant consequences as previous research 
demonstrated non-random evolution of degenerative joint osteoarthritis and subsequent 
joint replacement following unilateral joint replacement, with the contralateral joint most 
commonly requiring replacement [83]. Based on the current systematic review, sagittal 
plane kinematic asymmetries exist early is rehabilitation as well. One possible 
explanation for this gait pattern is the adoption of a “quadriceps avoidance” gait prior to 
TKA due to knee pain or postoperatively due to quadriceps weakness. The findings of 
consistent deficits both early after TKA and years later highlight the need for intervention 
to improve gait symmetry either before or after TKA as normal gait does not appear to be 
restored with time alone. The development of treatment strategies to restore knee flexion 
excursion and knee extensor moment either prior to TKA or during postoperative 
rehabilitation require additional understanding of the factors contributing to reduced 
sagittal plane knee motion.  
 With only two studies reporting stair ascent mechanics during the first 6 months 
post TKA, limited evidence exists for differences between-limbs or compared to a control 
group. Due to limited evidence, no sound conclusion can be made for longitudinal 
recovery of stair mechanics after TKA. Furthermore, data on stair descent was not 
reported in either study. Stair ascent and descent are tasks that patients after TKA report 
having the most difficulty performing [6]. Given the high proportion of dissatisfaction in 
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their ability to perform this task, the limited number of studies investigating this task 
highlights a critical knowledge gap. In a systematic review of stair ascent, Standifird et 
al.[111] reports that one major limitation of the review stems from the inclusion of 
participants with varying post-surgical time points into the same study groups. This 
limitation creates difficulty in making accurate longitudinal comparisons or observations 
of recovery with increased time from surgery. The authors further report that caution 
should be used in assessing stair ability at very early time points in surgery[111]. 
However, identifying major kinetic and kinematic differences at an earlier time point (i.e. 
3 months) would provide rehabilitation professionals with information regarding 
movement impairments that could be addressed prior to discharge from care. 
Furthermore, identifying early factors that most contribute to improved stair mechanics at 
later time points demands improved knowledge of motion at earlier postsurgical time 
points. Despite many patients specifically report stair negotiation as their most difficult 
task, impairments in this task are not given proportionate attention from the research 
community. 
 Data from the KOOS subscales demonstrates time-dependent improvement after 
TKA. Nearly all studies report improvement 3 months after TKA and additional 
subsequent improvement 6 months post-surgery. The subscale with the lowest relative 
score is most commonly the Sports/Recreation subscale. Given that this subscale reflects 
performance in higher level tasks, this finding is expected for this stage of recovery. 
Based on the findings of this systematic review, KOOS scores appear to improve 
independent of quadriceps strength, gait, and stair mechanics. Nearly all the articles 
reviewed report significant improvement with increased time after surgery. This would 
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suggest that, for the first 6 months after TKA, time since surgery is influential in 
improving KOOS score. Differences of >10 points are considered clinically meaningful 
for the KOOS[88], and most of the studies in this review demonstrate meaningful 
improvement by 3 months post-TKA in the Pain, Symptoms, ADL, and Qualify of Life 
subscales. Improved KOOS scores, combined with other findings of this review, 
demonstrate that the patients’ perception of function exceeds their actual physical 
function. The apparent disconnect between improvements in KOOS scores and 
improvements in physical measures warrants additional study. Previous work has 
demonstrated a strong correlation between KOOS Pain and ADL subscores, suggesting 
that as pain decreases the patients perceive their ability to perform ADLs is improved 
[100]. This suggests that reductions in pain are likely driving improvements in KOOS 
scores but do not influence physical performance. Given the long-term deficits noted in 
strength, gait, and stair navigation ability compared to relatively rapid improvement in 
KOOS scores, physical performance measures appear to be a better long-term outcome 
measure of a successful TKA than KOOS scores. 
 There are limitations to this review. A variety of implant types were compared 
and differences in location of the surgical incision may have affected the outcomes of 
specific studies. The limited number of studies that met the inclusion criteria for the 
outcomes of this review did not warrant additional study based on implant type or 
location of incision. Some longitudinal studies have noted that there is little difference in 
outcome with different implants or surgical approaches [148, 149]. However, it is 
possible that differences in femoral implant type, cruciate ligament management, soft 
tissue balancing techniques, articulation type (i.e. medial congruent), and location of 
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incision may have a greater effect on strength and functional mobility during the first 6 
months postoperatively which would warrant specific and separate analysis of these 
outcomes[48, 150, 151]. Furthermore, the lack of control participants and non-operative 
limb comparisons for some studies may underrepresent the level of impairment observed 
in patients after TKA. A recent study found that function of the non-operative limb was 
the best predictor of long-term outcomes in walking and stair climbing abilities following 
TKA so without a reference to the non-operative limb or a control group, comparisons of 
strength and functional mobility may be less sensitive[54]. Lastly, comparisons between 
sexes were not performed in any of the studies reported in this review despite females 
accounting for at least 62 percent of total subject pool. Future studies on sex differences 
are warranted as unique anatomical and physiological sex-specific processes may 
influence the outcomes utilized in this review [152]. 
 The results of this systematic review highlight the need for longitudinal studies of 
strength and functional mobility preoperatively through the first 6 months 
postoperatively. This time period represents a potential period of rapid progress and is 
most likely the only period in which patients have access to skilled rehabilitation. A 
greater understanding of impairments in strength, gait, and stair mechanics early in post-
operative care would be beneficial to both the clinical and research communities as 
clinicians would be able to determine if patients are making adequate progress throughout 
rehabilitation and effectively utilize shrinking post-operative resources. Researchers 
should continue to investigate novel interventions to address early impairments to 
improve long-term outcomes and identify primary early milestones that best predict a 
desirable postoperative outcome. 
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3.6 CONCLUSION 
 While patient-reported symptoms consistently improve during the early 
postoperative period, quadriceps weakness is present throughout the first 6 months after 
TKA. Furthermore, there is limited evidence on changes in leg muscle strength, 
functional performance, and gait and stair mechanics during the first 6 months after TKA. 
Physical performance measures demonstrate persistent deficits after TKA that may not be 
accurately measured by patient reported outcomes. Thus, physical performance tests 
should be used to assess longitudinal outcomes after TKA and relationships between 
these objective measures should be evaluated to improve clinical decision making during 
rehabilitation after TKA. 
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Table 3.1: Search terms utilized for A) 
Population, B) Muscle Strength, C) 
Five-time Sit-to-stand, D) Gait, E) 
Stairs, and F) KOOS.  
 
A) Population 
Search 
Number 
Terminology 
1 Arthroplasty 
2 Replacement 
3 Knee Prosthesis 
4 Knee Replacement 
5 Total Knee Replacement 
6 Knee Arthroplast* 
7 Total Knee Arthroplast* 
8 Knee Prosthes* 
9 TKR 
10 TKA 
11 Joint Replacement* 
12 Arthroplast* 
13 1 or 2 or 3 or 4 or 5 or 6 
or 7 or 8 or 9 or 10 or 11 
or 12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) Leg Strength 
Search 
Number 
Terminology 
14 Muscle* 
15 Knee 
16 Hip 
17 Lower Extremity 
18 Quadricep* 
19 Hamstring* 
20 Knee Extens* 
21 Knee Flex* 
22 Glute* 
23 Hip Abduct* 
24 Hip Adduct* 
25 Hip Extens* 
26 14 or 15 or 16 or 17 or 
18 or 19 or 20 or 21 or 
22 or 23 or 24 or 25 
27 Muscle Strength 
28 Torque 
29 Muscle Weakness 
30 Muscular Atrophy 
31 Strength 
32 Force 
33 Isometric 
34 Isokinetic 
35 Dynamometer 
36 Weak* 
37 Atrophy 
38 27 or 28 or 29 or 30 or 
31 or 32 or 33 or 34 or 
35 or 36 or 37 
39 13 and 26 and 38 
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Table 3.1 (continued) 
C) Five-time Sit-to-Stand 
Search 
Number 
Terminology 
14 Sit to stand test 
15 Five time sit-to-stand 
16 1 or 2 
 
 
D) Gait 
Search Number Terminology 
14 Gait 
15 Walk* 
16 14 or 15 
17 Motion 
18 Kinematics 
19 Kinetics 
20 Biomechanics 
21 Mechanics 
22 17 or 18 or 19 or 20 or 
21 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E) Stairs 
Search 
Number 
Terminology 
14 Gait 
15 Walk* 
16 Step* 
17 Ascent 
18 Descent 
19 Stair* 
20 Climbing 
21 14 or 15 or 16 or 17 or 18 
or 19 or 20 
22 Motion 
23 Kinematics 
24 Kinetics 
25 Biomechanics 
26 Mechanics 
27 22 or 23 or 24 or 25 or 26 
28 13 and 21 and 27 
 
F) KOOS 
Search 
Number 
Terminology 
14 KOOS 
15 Knee Injury and 
Osteoarthritis Outcome 
Score 
16 14 or 15 
17 13 and 16 
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Figure 3.1: Flow Diagrams for literature search for A) Muscle Strength, B) Five-
time Sit-to-Stand, C) Gait, D) Stairs, and E) KOOS. 
A. 
 
B. 
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Figure 3.1 (continued) 
C. 
 
D. 
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Figure 3.1 (continued) 
E. 
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Chapter 4: Persistent Impairments in Muscle Strength, Functional Performance, 
Gait Mechanics, and Patient-Reported Outcomes after Total Knee Arthroplasty 
4.1 ABSTRACT 
Purpose and Hypothesis: Impairments in quadriceps strength and knee mechanics are 
observed after total knee arthroplasty (TKA). However, few studies have documented 
potential hip muscle weakness, hip mechanical deficits after TKA, or investigated 
recovery across multiple domains of physical function including both subjective and 
objective measures. It was hypothesized that 1) significant improvements would be 
observed in the TKA group at 6 months compared to 3 months in all domains, 2) 
significant impairments will persist at 6 months post-surgery compared to matched 
controls, and 3) subjective measures will demonstrate greater relative improvement 
compared to objective measures. 
Methods: Patients after unilateral TKA were assessed at 3 and 6 months post-surgery and 
compared to matched controls. Assessments were performed in four domains: 1) hip and 
knee peak isometric strength and rate of torque development (RTD), 2) five-time sit-to-
stand test (FTSTS), 3) motion analysis of walking and stair descent, and 4) the Knee 
Injury and Osteoarthritis Outcome questionnaire (KOOS). Between-limb and within-limb 
comparisons of the TKA group were made using two-tailed paired samples t-tests. To 
compare between-groups, independent two-sample t-tests were utilized. Effect sizes were 
calculated using Cohen’s d to further compare changes in the TKA group between 3 and 
6 months post-surgery. 
Results: Thirty-nine subjects, 21 TKA (7 M, Age: 60.6 ± 8.1 years, BMI: 32.3 ± 7.4 
kg/m2) and 18 controls (7 M, Age: 61.2 ± 8.8 years, BMI: 29.2 ± 5.5 kg/m2) were tested. 
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At both 3 and 6 months post-surgery, the TKA group demonstrated significantly less 
peak hip external rotation and quadriceps muscle strength and reduced RTD, lower 
KOOS scores, poorer FTSTS performance, and impaired gait mechanics of the hip and 
knee compared to control subjects. Significant improvements were observed in the TKA 
group between 3 and 6 months in all domains except gait mechanics as knee flexion 
excursion remained significantly reduced and hip abduction moments remained elevated. 
KOOS scores and FTSTS demonstrated the greatest improvement between 3 and 6 
months. 
Conclusion: Patients with unilateral TKA have persistent impairments compared to 
controls. The greatest improvements were observed in FTSTS and KOOS scores, 
indicating that muscle weakness and lower extremity mechanical impairments of the hip 
and knee may require more time or additional intervention for recovery. During walking, 
patients with TKA utilize greater hip moments for stability as a possible compensation 
for impaired quadriceps muscle strength or knee joint function. These findings suggest 
incomplete recovery and highlight a need for additional strategies to restore normal 
function after TKA. 
 
 
 
 
 
 
 
60  
4.2 INTRODUCTION 
 More than 600,000 total knee arthroplasties (TKA) are performed annually in the 
United States[1]. Due to the projected increase of older adults and high rates of obesity, 
the number of TKA’s performed per year is expected to increase by 673% in the next 15 
years[2]. Rehabilitation for TKA typically concludes within 2 to 3 months after surgery 
[3]. After this time, continued improvements are expected to occur with time. Given this 
expected increase in demand for TKA, a thorough understanding of outcomes during the 
early post-rehabilitative period following this procedure is critical.  
Use of patient-reported outcome questionnaires and patient satisfaction scales are 
common after TKA, with the Knee Injury and Osteoarthritis Outcome Score (KOOS) one 
of the most frequently used [88, 112]. While patients report good overall satisfaction with 
their outcome and demonstrate increased KOOS scores after TKA, multiple studies have 
reported persistent physical impairments in muscle strength, functional performance, and 
gait mechanics indicating possible incomplete recovery from surgery [5-7, 105-107]. For 
this reason, there is a growing need to quantify recovery after TKA using a variety of 
physical measures in addition to subjective patient-reported measures. Previous studies 
have included objective measures of quadriceps muscle strength, functional performance, 
and three-dimensional motion analysis of gait and daily activities [12, 52, 153, 154]. 
 Quadriceps muscle weakness after TKA may persist for years after surgery and 
has been associated with declined functional ability, asymmetrical gait mechanics, 
reduced patient satisfaction, and poor-patient reported outcomes [10, 43, 127, 142]. In 
addition to peak quadriceps strength, preliminary studies show quadriceps rate of torque 
development (RTD) may serve as a more sensitive indicator of recovery after TKA [18, 
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144]. Beyond the quadriceps, patients with greater peak isometric hip abduction strength 
demonstrate better functional performance in walking and stair climbing [17, 62]. Despite 
these early findings, few studies comparing quadriceps RTD and hip muscle strength 
(both peak and RTD) of the operative to the non-operative limb or to a control group 
exist. Unidentified deficits in quadriceps RTD and hip muscle strength and RTD may 
contribute to continued mobility deficits in patients after TKA, but these measures have 
yet to be explored. 
 As an alternative means of assessing muscle strength, the five-time sit-to-stand 
test (FTSTS) is an easily administered clinical test that measures functional performance 
and is strongly associated with leg strength [20, 155, 156]. Improvements in the FTSTS 
have been associated with more symmetrical gait mechanics after TKA, but the few 
studies that have longitudinally explored recovery of FTSTS performance after TKA 
have noted minimal improvement [49, 64-66]. 
 Lastly, asymmetrical gait mechanics, especially knee kinematics and kinetics, 
have been documented as many as 3 years after TKA and are associated with decreased 
functional ability [15, 60]. To date, studies have focused on knee mechanics with 
minimal investigation into hip mechanics. As coupled joints, a thorough understanding of 
hip mechanical adaptations to TKA is needed in order to consider other possible 
etiologies of abnormal knee mechanics. Furthermore, although walking is an essential 
daily activity, patients after TKA often report the most difficulty with stair negotiation, 
specifically stair descent, a task that is more demanding than level walking [6, 85, 157]. 
Patients may be able to compensate for muscular impairments after TKA during walking 
and other lower demand tasks, but face difficulty when the demands of the task exceed 
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their capacity for compensation. For these reasons, it is likely that the inclusion of hip 
mechanics in gait analyses and assessment of stair descent may provide an additional 
means of quantifying recovery after TKA. 
 The purpose of this study is to quantify post-rehabilitative recovery in four 
domains: 1) muscle strength of hip abduction, hip external rotation, and quadriceps 
muscle performance, 2) FTSTS performance, 3) gait and stair descent biomechanics, and 
4) KOOS scores at 3 and 6 months post unilateral TKA and compared to sex-,age-, and 
body mass index-matched controls. Our hypotheses for three-fold: 1) significant 
improvements in all 4 domains would be observed in the TKA group at 6 months 
compared to 3 months, 2) significant impairments in all 4 domains would persist at 6 
months post-surgery compared to matched controls, and 3) subjective patient-reported 
outcome measures will demonstrate greater relative improvement between 3 and 6 
months post-surgery compared to objective physical measures of muscle strength, five-
time sit-to-stand, and gait and stair descent biomechanics in the TKA group. 
4.3 METHODS 
Study Design and Participants 
 The study protocol was approved by the University Institutional Review Board. 
All participants read and signed an informed consent form prior to participation. 
Participants included in the TKA group were recruited from eligible patients at the 
University’s orthopedic clinic and local outpatient physical therapy clinics. Inclusion 
criteria included: 1) between the ages of 40-90 years old, 2) undergone unilateral TKA 
within the past 3 months. Exclusion criteria included: 1) prior surgery to the contralateral 
knee, low back, or either hip, ankle, or foot, and 2) presence of neurological or balance 
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disorder that requires use of an assistive device for mobility, and 3) inability to walk at 
least 10 minutes without an assistive device. Patients with contralateral knee 
osteoarthritis were not excluded from the study; however, if the contralateral knee was 
rated as more symptomatic than the TKA limb at 3 months post-surgery or the participant 
was scheduled for contralateral TKA within the next 3 months, the participant was 
excluded. All patients completed rehabilitation in community outpatient clinics as is the 
standard of care. 
 Participants included in the control group were taken from a sample of 
convenience from the community using flyers, digital displays, research participant 
registries, and word of mouth. To be included, all control subjects were required to be 
free of previous surgery and current injury in lower back and lower extremity joints, and 
match a TKA participant in sex, age, and body mass index.  
Outcomes 
Muscle Strength 
 All participants completed a series of isometric strength tests including: hip 
abduction, hip external rotation, and knee extension. All strength tests were performed 
using a Biodex System 4 (Biodex Systems, Shirley, NY). Hip abduction was assessed 
with the participant in sidelying, the hip neutrally positioned in the sagittal, frontal, and 
transverse plane. While in sideyling, with the superior limb as the test leg, the 
dynamometer arm was secured 5 cm proximal to the lateral tibiofemoral joint. 
Participants were instructed to raise their limb towards the ceiling. Hip external rotation 
was assessed in sitting, with the hip flexed to 85°, knee flexed to 90°, and hip in neutral 
rotation. The dynamometer arm was secured 5 cm proximal to the medial malleolus. 
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Participants were instructed to rotate their limb as if they were looking at the bottom of 
their shoe. For both hip abduction and hip external rotation, one practice trial and four 
experimental trials were performed for five seconds, with 30 seconds of rest between 
trials. For knee extension, participants were seated with the hips flexed to 85°, knees 
flexed to 90°, with the dynamometer secured 5 cm proximal to the medial malleolus. The 
participants were instructed to extend their knee as if to kick forward. One practice trial 
and three experimental trials were performed. Verbal encouragement was provided 
during all strength tests and patients were asked to give maximal effort with each 
experimental trial by performing the motion of interest with as much force and as quickly 
as possible. 
 Peak strength values and rate of torque development (RTD) were calculated for 
each experimental trial and an average calculated for each variable to be used in 
statistical analyses. To allow for comparison between groups, all experimental trials were 
normalized to body mass by dividing peak strength and RTD values by the subject’s mass 
in kilograms. To calculate RTD, custom MATLAB code (MathWorks Inc, Natick, MA) 
was used to calculate the mean slope of the torque-time curve over the first 200 
milliseconds of the linear portion between the onset of the trial and peak torque[158].  
Five-time Sit- to-Stand 
The five-time sit-to-stand (FTSTS) is a standardized clinical test used to quantify 
function in patients with a variety of orthopedic impairments. To complete the test, 
participants were asked to sit in an armless chair with a 42.0 cm seat height and complete 
five consecutive sit-to-stands as quickly as possible. Foot placement was not constrained 
and participants were not permitted to place their hands or other parts of their upper 
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extremities on their lower limbs in order to prevent facilitation during either the rise or 
descent portions of the task. Time to complete the test was measured using a hand-held 
stopwatch. Time began upon initiation of the task from a seated position and stopped 
when the patient returned a sitting position after the 5th sit-to-stand. Two trials were 
allowed, with the fastest trial used for data analysis. 
Gait Mechanics 
All participants were outfitted with 32 anatomical and 24 tracking markers as 
previously noted in the literature[158]. Anatomical markers were placed on the following 
locations: sternal notch, spinous process of the 7th cervical vertebra, bilateral superior 
acromial processes, posterior 5th lumbar/1st sacral intervertebral joint, bilateral superior 
iliac crests, bilateral greater trochanters, bilateral posterior superior and anterior superior 
iliac spines, bilateral medial and lateral distal femurs, bilateral medial and lateral 
proximal tibias, bilateral medial and lateral malleoli, bilateral first and fifth metatarsal 
heads, and bilateral distal feet. Rigid plates with 4 tracking markers each were secured to 
bilateral thigh and shank segments. On each rearfoot, a single marker was placed on the 
proximal, distal, and lateral heel to track the foot segment. All participants wore neutral 
athletic shoes (New Balance 662, New Balance Athletic Shoe Inc., Boston, MA). 
Participants walked at a self-selected speed on an instrumented treadmill (Bertec, 
Columbus, OH) for approximately 5 minutes.   
Stair Descent Mechanics 
All participants also underwent motion analysis while descending a 20.3 cm step. 
Participants began on top of the step and were instructed to descend the step in a 
controlled manner and continue walking forward. Five complete trials were recorded with 
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each limb as the landing limb during the step descent. In order for a trial to be considered 
complete, the participant was required to control the descent, land with the entire landing 
limb on the force plate, and continue walking forward at least 2 steps. For data analysis, 
the landing limb was defined as the limb advancing forward off the step to initially make 
contact with the force plate. The stance limb was defined as the limb remaining on the 
step during the lowering phase of the task. 
Biomechanical Data Reduction 
During both gait and stair descent tasks, marker trajectories were recorded using a 
10-camera motion analysis system (Motion Analysis Corp, Santa Ana, CA) with 
sampling rate of 200 Hz. Force-plate data were simultaneously recorded at 1200 Hz from 
an instrumented Bertec treadmill (Bertec, Columbus, OH). Visual 3D software (C-
Motion) was used to filter the data, calculate joint angles, and perform inverse dynamics 
to determine joint moments. Marker position and force data were filtered at 8 and 35 Hz, 
respectively, using a fourth-order, low-pass, zero-lag Butterworth filter. Angles and 
moments were calculated using Cardan XYZ angles referencing the distal segment to the 
proximal. Joint moments were normalized to body mass and height. Custom MATLAB 
code was used to extract ground reaction force data as well as sagittal and frontal plane 
kinetics and kinematics of the hip and knee.  
KOOS and PASE 
All participants completed the KOOS, which features five individual subscales: 
symptoms, pain, function in activities of daily living, function in sport and recreation, and 
knee-related quality of life. Each subscale is scored between 0 to 100 with 0 representing 
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“worst” and 100 representing “best”. The KOOS is reliable in patients after TKA and has 
demonstrated adequate test-retest reliability [88, 112]. 
Participants also completed the Physical Activity Scale for the Elderly (PASE), a 
recall questionnaire that was specifically designed for individuals 65 years and older. It 
assesses frequency, duration, and intensity of activities performed during the previous 
week. The PASE has been shown to reliable in patients with knee osteoarthritis. Scores 
range from zero (least active) to 361 (most active)[159]. 
Statistical Methods 
Between-limb (operative vs non-operative) and within-limb (3 month vs 6 month 
post-surgery) comparisons of the TKA group were made using two-tailed paired samples 
t-tests to compare muscle strength, FTSTS, gait speed, joint mechanics, KOOS scores. To 
compare the TKA group with the control group, independent two-sample t-tests were 
utilized. IBM SPSS Statistics version 22 (IBM, Armonk, NY) was utilized for all 
comparisons, with statistical significance defined as p ≤ 0.05. Effect sizes were calculated 
using Cohen’s d to further compare changes in the TKA group between 3 and 6 months 
post-surgery. 
4.4 RESULTS 
TKA and Control Participants 
A total of 39 participants (21 TKA, 18 controls) completed the study. No 
significant differences in mean age, height, weight, body mass index (BMI), or PASE 
physical activity level between the TKA and control groups were present at the time of 
testing (Table 4.1). Of the TKA group, 12 participants received a cruciate retaining 
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prosthesis, 5 received posterior stabilized, 2 received bicruciate-stabilizing, and 2 were 
undocumented. 
Muscle Strength 
At 3 months post-TKA, muscle strength and RTD of the TKA limb is 
significantly reduced compared to the non-operative limb in all muscle groups tested, 
with the exception of hip abduction RTD. At 6 months post-surgery, the findings were 
similar with the TKA limb remaining significantly weaker than the non-operative limb 
except in hip abduction RTD. Despite persistent between-limb differences, muscle 
strength of the TKA limb significantly improved between 3 to 6 months post-surgery in 
all measures except hip abduction RTD and hip external rotation RTD. No significant 
changes were observed in peak strength or RTD of the non-operative limb between 3 and 
6 months post-surgery. Compared to control subjects, peak strength and RTD were 
significantly weaker at 3 months post-surgery in all muscle groups. At 6 months post-
surgery, no significant differences were observed in peak hip abduction strength and 
RTD compared to control subjects. However, the TKA limb in all other muscle groups 
remained significantly weaker at 6 months compared to control subjects. In the non-
operative limb, peak isometric quadriceps strength and RTD were significantly weaker at 
both 3 and 6 months post-surgery compared to control subjects. Refer to Table 4.2, 
Figure 4.1, and Figure 4.2 for complete results. Effect sizes for changes in strength and 
RTD of the operative limb ranged from 0.23 to 0.35, indicating small to moderate 
improvement in peak muscle strength and RTD (Table 4.11). 
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FTSTS 
Performance on the FTSTS significantly improved in the TKA group between 3 
to 6 months post-surgery, demonstrating a large effect size of 0.64 (Table 4.11). At both 
time points, control subjects significantly outperformed the TKA group (Table 4.3; 
Figure 4.3). 
Gait Mechanics 
Ground Reaction Force & Gait Speed 
No significant differences were observed in peak vertical ground reaction force 
between limbs in the TKA group at 3 months post-surgery. At 6 months post-surgery, 
peak vertical ground reaction force was significantly lower in the operative limb. 
However, no significant changes in peak vertical ground reaction force were observed 
between 3 and 6 months post-surgery in either the operative or non-operative limb in the 
TKA group. The effect size of changes in the TKA limb was 0.44, indicating a moderate 
to large effect despite no significant change (Table 4.12). Compared to control subjects, 
peak vertical ground reaction force was significantly greater in control subjects compared 
to both the operative and non-operative limbs of the TKA group at both time points. 
Vertical impact peak was significantly lower in the operative limb of the TKA group 
compared to control subjects at 3 months post-surgery, but this difference resolved at 6 
months post-surgery. Refer to Table 4.4 and Figure 4.4 for complete results. Gait speed 
was not significantly different between groups. The TKA group walked at a mean 
velocity of 0.78 ± 0.2 m/s and 0.86 ± 0.2 m/s at 3 and 6 months post-surgery, 
respectively. The control group walked at 0.95 ± 0.2 m/s. 
Sagittal Plane Kinematics 
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At 3 months post-surgery, between-limb differences were observed in the TKA 
group in knee flexion excursion, knee flexion angle at initial contact, peak hip flexion 
angle, and peak hip extension angle. Knee flexion excursion was reduced in the operative 
limb compared to the non-operative limb, with the reduction primarily due to increased 
knee flexion angle at initial contact in the operative limb. The operative hip was also in 
greater flexion and reduced extension compared to the non-operative limb, but no 
significant difference was observed in hip flexion excursion. At 6 months post-surgery, 
reductions of knee flexion excursion persisted but no significant differences were 
observed in other sagittal plane kinematics. From 3 to 6 months post-surgery, the 
operative limb showed increased hip flexion excursion but no significant changes in any 
other variable. Interestingly, the non-operative knee was significantly more flexed at 
initial contact 6 months post-surgery compared to 3 months post. Further analysis of 3 to 
6 month changes revealed an effect size of .22 for knee flexion excursion (Table 4.12). 
When compared to the control group, similar findings were observed with knee flexion 
excursion and peak knee flexion angle significantly reduced in the TKA limb at both 3 
and 6 months post-surgery. The non-operative limb also showed reduced peak knee 
flexion angle compared to control subjects at both 3 and 6 months. Refer to Table 4.4, 
Figure 4.5, and Figure 4.6 for complete results.  
Sagittal Plane Kinetics 
No differences in knee extensor moment were found between limbs at 3 or 6 
months post-surgery in the TKA group despite significant increases in knee extensor 
moment of the non-operative limb at 6 months post-TKA. Hip extensor moment was 
significantly reduced in the operative limb compared to the non-operative limb at the 3 
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month time point. Significant increases were observed in hip extensor moment of both 
limbs at 6 months with the operative limb increasing to near equal values of the non-
operative limb. Hip extensor moment at 3 months post-surgery and knee extensor 
moments at both time points were significantly lower in the operative limb of the TKA 
group compared to control subjects. In the non-operative limb, knee extensor moment is 
greater in control subjects at 3 months post-surgery but no difference was observed at the 
6 month time point. Refer to Table 4.4, Figure 4.7, and Figure 4.8 for complete results. 
Frontal Plane Kinematics 
In between-limb comparisons, reduced knee adduction angle was observed in the 
operative limb of the TKA group at 3 months, but no differences noted at 6 months post-
surgery. No differences were observed in peak hip adduction angle between limbs at 
either 3 or 6 months post-surgery in the TKA group. From 3 to 6 months post-surgery, no 
changes were observed in the operative limb of the TKA group but the non-operative 
knee was less adducted at 6 months compared to 3 months post-surgery. Compared to 
control subjects, no differences were observed in frontal plane kinematics in either the 
knee or hip at 3 or 6 months post-surgery. Refer to Table 4.5, Figure 4.9, and Figure 4.10 
for complete results. 
Frontal Plane Kinetics 
No differences in internal knee abduction moment were observed between limbs 3 
months or 6 months post-surgery. A small, but significant, increase in knee abduction 
moment was found at 6 months post-surgery in the operative limb compared to 3 months 
post-surgery. No difference was noted for knee abduction moment of the operative limb 
vs control subjects at either 3 or 6 months post-surgery. In contrast, knee abduction 
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moment was significantly greater in the non-operative limb at both time points compared 
to control subjects. Also noteworthy, hip abductor moment was greater bilaterally in the 
TKA group compared to control subjects at both time points. Refer to Table 4.5, Figure 
4.11, and Figure 4.12 for complete results. 
Step Descent Mechanics: Landing Leg 
Ground Reaction Force 
At 3 months post-surgery, peak vertical ground reaction force is increased in the 
non-operative limb compared to the operative limb but no between-limb differences were 
observed at 6 months post-surgery. Between 3 and 6 months, no significant change was 
observed in vertical ground reaction force in either limb of the TKA group. Compared to 
control subjects, no differences were apparent in peak vertical ground reaction force of 
the operative limb at either time point but the non-operative limb was significantly 
greater than control subjects at both 3 and 6 months post-surgery. Refer to Table 4.6 and 
Figure 4.13 for complete results. 
Sagittal Plane Kinematics 
Knee flexion excursion is reduced in the operative limb at both 3 and 6 months 
compared to the non-operative limb. This difference is primarily due to increased knee 
flexion at initial contact in the operative limb at 3 months, but reduced peak knee flexion 
at 6 months. No significant changes were observed between 3 and 6 months for either the 
operative or non-operative limbs. Compared to control subjects, knee flexion excursion is 
reduced in the operative limb at both time points but no significant differences in sagittal 
plane kinematics are noted in the non-operative limb. Refer to Table 4.6, Figure 4.14, and 
Figure 4.15 for complete results. 
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Sagittal Plane Kinetics 
No significant differences were observed in knee extensor moment between limbs 
3 months after surgery, but hip extensor moment was significantly reduced in the 
operative limb. At 6 months, reduced knee extensor moment was noted in the operative 
limb while no differences were noted in hip extensor moment. No differences were noted 
between 3 and 6 months post-surgery in either limb. No differences were noted in the 
non-operative compared to control subjects at either time point. However, hip extensor 
moment of the operative limb was significantly reduced at 3 months compared to control 
subjects while knee extensor moment was significantly reduced at 6 months. Refer to 
Table 4.6, Figure 4.16, and Figure 4.17 for complete results. 
Frontal Plane Kinematics 
No significant differences were noted in frontal plane knee kinematics between-
limbs or between-groups at any time point. Increased hip adduction angle was noted in 
the operative limb compared to the non-operative at both 3 and 6 months, but no 
differences were observed in hip adduction angle of the operative limb compared to 
control subjects were noted. At 6 months, hip adduction angle was reduced in the non-
operative limb compared to control subjects. Refer to Table 4.7, Figure 4.18, and Figure 
4.19 for complete results. 
Frontal Plane Kinetics 
No significant differences were observed in frontal plane kinetics of either the hip 
or knee between-limbs or between-groups at either time point (Table 4.7, Figure 4.20, 
Figure 4.21). 
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Step Descent Mechanics: Stance Leg 
Ground Reaction Force 
No significant differences were found in peak vertical ground reaction force 
between-limbs or between-groups at any time point (Table 4.8, Figure 4.22). 
Sagittal Plane Kinematics 
At both 3 and 6 months, increased hip flexion angle is noted in the operative limb 
compared to the non-operative limb. No differences are noted between 3 and 6 months in 
either limb. When compared to control subjects, peak knee flexion angle is significantly 
reduced bilaterally in the TKA group. No differences were observed in peak hip flexion 
angle compared to control subjects in either limb of the TKA group. Refer to Table 4.8, 
Figure 4.23, and Figure 4.24 for complete results. 
Sagittal Plane Kinetics 
Knee extensor moment of the operative limb was significantly reduced compared 
to the non-operative at both 3 and 6 months post-surgery. No difference in between-limb 
hip flexor moment was observed at either time point. Knee extensor moment of the 
operative limb significantly improved between 3 and 6 months, but no significant change 
in hip flexor moment was observed. Lastly, reduced knee extensor and hip flexor 
moments were observed bilaterally in the TKA group compared to control subjects. Refer 
to Table 4.8, Figure 4.25, and Figure 4.26 for complete results. 
Frontal Plane Kinematics 
No significant differences were observed in frontal plane knee or hip kinematics 
between-limbs or between-groups at any time point. Refer to Table 4.9, Figure 4.27, and 
Figure 4.28 for complete results. 
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Frontal Plane Kinetics 
No significant between-limb differences were observed in knee abduction or hip 
abduction moment at either time point. Furthermore, no significant changes were 
observed between 3 and 6 in either limb of the TKA group. However, knee abduction 
moment was significantly smaller bilaterally in the TKA group compared to control 
subjects. Refer to Table 4.9, Figure 4.29, and Figure 4.30 for complete results. 
KOOS 
Scores on all five KOOS subscales significantly improved from 3 to 6 months in 
the TKA group, with effect sized ranging between 0.28 for the Sports/Recreation 
subscale to 0.82 for the quality of life subscale (Table 4.11). Despite this improvement, 
control subjects scored still scored significantly higher in all subscales compared to the 
TKA group at both 3 and 6 months (Table 4.10, Figure 4.31). 
4.5 DISCUSSION 
 Our initial hypothesis was partially supported as significant improvements in the 
TKA group were observed between 3 and 6 months in four of six muscle strength 
measures, FTSTS performance, and KOOS scores. Asymmetrical gait and stair descent 
mechanics persisted at 6 months, particularly in knee flexion excursion. Our second 
hypothesis was supported as the TKA group performed significantly worse in all 4 
domains compared to control subjects. Our third hypothesis was also partially supported 
as TKA subjects showed the greatest improvement, as measured by effect size, in KOOS 
scores and FTSTS performance but less improvement in gait and stair descent mechanics 
(Tables 11, 12).  
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 Quadriceps muscle weakness has been documented up to 3 years post TKA [43]. 
Our findings are consistent with previous reports which demonstrated deficits of 16 to 
63% at 3 and 6 months post-surgery. Quadriceps RTD demonstrated greater percentage 
impairment than peak isometric strength compared to control subjects at 3 months (60 vs 
56%) and 6 months post-surgery (51 vs 49%), suggesting that RTD may be a more 
sensitive measure of recovery than peak strength. This study is the first to compare RTD 
to age and BMI-matched control subjects and indicates dramatic impairments.  Previous 
work has noted RTD to be more sensitive to recovery as larger deficits are observed both 
between limbs and, in this study, compared to control subjects [18, 144]. Given that 
walking, stair negotiation, and sit to stand require adequate force to be delivered within 
critical timing windows, RTD may better capture the quadriceps’ ability to quickly 
deliver force for successful performance of the task. Furthermore, the contralateral 
quadriceps was significantly weaker than control subjects. Function of the contralateral 
limb is a strong predictor of post-operative performance [54, 160]. Based on the findings 
of this study, the onset of contralateral quadriceps weakness has occurred at least as early 
as the first 3 months after surgery. Given the high likelihood of patients undergoing 
contralateral TKA after initial unilateral TKA, patients may benefit from contralateral 
quadriceps strengthening during recovery from unilateral TKA[83]. 
To the author’s knowledge, this is the first study to examine hip muscle strength 
between-limbs and compared to a control group after TKA. The results indicate that 
muscle strength is impaired proximally in hip external rotation strength as early as 3 
months post-surgery and persists through 6 months post-surgery. Seated hip external 
rotation has been shown to primarily require the gluteus maximus and not the small 
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external rotators[161]. Given the role of the hip musculature in more powerful tasks like 
sit-to-stand and stair negotiation, persistent difficulties with these tasks may be 
influenced by hip muscle weakness. Similarly to quadriceps RTD, hip external rotation 
RTD showed greater percentage impairment than peak hip external rotation strength and 
remained impaired at 6 months. Previously, hip abduction weakness has been observed in 
patients awaiting TKA and improved hip abduction strength post-operatively has been 
found to be associated with improved physical performance [17, 61, 62]. Interestingly, 
hip abduction strength was not significantly different between limbs or compared to 
control subjects. However, at 3 months, peak hip abduction strength was significantly 
weaker than control subjects, but no differences were observed at 6 months. A possible 
reason for lack of significant differences in peak hip abduction strength at 6 months may 
be due to strength gains from daily activity as individuals after TKA utilize greater hip 
strategy during ambulation.  
 This is the first study to statistically analyze FTSTS performance between 3 and 6 
months post-surgery. Based on the FTSTS, participants with TKA demonstrated 
improved functional performance between 3 and 6 months post-surgery. While the 
improvement is statistically significant and demonstrated a large effect, the mean 
improvement did not exceed the minimal detectable change of 2.5 seconds suggesting 
that improvements were within measurement error for the TKA group[63]. Furthermore, 
the functional performance of the TKA group was significantly worse than control 
subjects at both time points. These results suggest that impairments in sit-to-stand ability 
persist at least 6 months after TKA. Evidence associating FTSTS performance with other 
measures of recovery after TKA is limited. A single study noted that a reduction in 
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FTSTS time of >2.5 seconds from pre-operative to 1 year post-operative resulted in more 
symmetrical walking gait [66]. A separate study found low to moderate correlations (-
0.26 to -0.33) between FTSTS performance and weight bearing ratio between limbs 
during the FTSTS at 1, 3, and 6 months post-surgery [49]. These early findings indicate 
the FTSTS test may serve a useful clinical tool to longitudinally track progress after 
TKA, but additional study is warranted. 
 Gait asymmetries are known to persist after TKA and the results of this study 
provide further evidence that gait mechanics are not fully restored after TKA [107, 108, 
162]. Although a greater number of asymmetries were observed at 3 months compared to 
6 months, indicating that some asymmetries may resolve with time after TKA, those 
asymmetries that remain reveal unique adaptations to TKA that many contribute to 
prolonged impairment. When comparing between-limbs, knee flexion excursion of the 
operative limb was consistently reduced at both time points and demonstrated no 
significant improvement between 3 and 6 months. This finding is consistent with 
previous studies of reduced knee flexion motion during the stance phase of gait and has 
often been described as a “quadriceps avoidance” gait in which individuals limit greater 
knee flexion angles to avoid increasing the demand of the quadriceps to control the 
motion [69, 75, 108]. However, it is interesting to note that there were no significant 
changes in knee flexion excursion in the operative limb despite improvement in 
quadriceps strength and RTD. This would suggest that persistent deficits in knee flexion 
excursion may be a learned gait pattern that has not been resolved despite improved joint 
pain, range of motion, and quadriceps strength.  
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In order to further evaluate impairments in gait after TKA, comparisons to a 
control group are also useful. Similar to previous studies, peak vertical ground reaction 
force of the operative limb was reduced compared to control subjects at both time points. 
Furthermore, knee flexion excursion of the operative limb is reduced compared to control 
subjects at both time points. This is in agreement with previous studies as, compared to 
control subjects, both the operative and non-operative limbs demonstrated reduced peak 
knee flexion angles [71, 72, 74]. Additionally, knee extensor moment was significantly 
reduced bilaterally compared to control subjects. Given dramatic quadriceps muscle 
weakness, individuals may have adapted their gait patterns to reduce demand on the 
quadriceps bilaterally. It remains unclear if reduced knee extensor moment bilaterally 
results as a result of bilateral quadriceps weakness, or if the non-operative limb is 
adapting to become more symmetrical compared to the operative. Lastly, there were no 
significant differences in frontal plane knee kinetics or kinematics of the operative limb 
and control subjects, suggesting that TKA successfully corrects abnormal knee alignment 
and loading to within levels observed in control subjects.  
This is one of few studies to examine hip joint mechanics after TKA. Hip 
kinematics did not differ between groups. Hip extensor moments were not significantly 
different than control subjects. However, hip abduction moment is significantly greater 
bilaterally in the TKA group at both time points. This finding, when considered in 
combination with reduced knee extensor moment bilaterally compared to control 
subjects, suggests that individuals after TKA adopt a hip strategy during ambulation to 
reduce loading through the knee joints. Despite no significant differences between-limb 
in hip abduction strength at 6 months post-surgery, reports of improved hip abductor 
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strength being associated with improved physical function may be explained by 
individuals after TKA adopting a more hip-dominant strategy. As a result, those with 
stronger hip abductors or those who strengthen their hip abductors during rehabilitation 
may be more capable of successfully implementing greater hip strategy and perform 
functional tasks more easily. 
 As a more demanding task, one would expect to find greater impairments during 
stair descent than level walking. During landing, the non-operative limb experienced 
significantly greater peak vertical ground reaction force than the operative limb at both 
time points and compared to control subjects. Similar to walking, knee flexion excursion 
is reduced in the operative limb during landing compared to the non-operative limb at 
both time points and compared to control subjects. In the frontal plane, increased peak 
hip adduction angle in the operative limb was observed at both time points compared to 
the non-operative limb. These persistent differences identify unique landing strategies in 
each limb in individuals after TKA. Increased frontal plane motion at the hip may serve 
to absorb more load during landing due to reduced flexion excursion and limited load 
dissipation at the knee joint. However, during stair descent, the biomechanics of the 
landing limb are influenced by the ability of the stance limb to control the descent phase. 
For this reason, it is helpful to further explore potential deficits in both the landing and 
stance limbs together. 
Given the significantly greater vertical ground reaction force during landing in the 
operative limb, the stance limb may be unable to control the demands of the stair descent. 
The most apparent differences in the stance limb involve knee extensor moment as the 
operative limb was significantly impaired compared to both the non-operative limb and 
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control subject limb at both 3 and 6 months after surgery. Interestingly, in contrast to 
what was observed during level walking, the reduction in knee extensor moments was not 
accompanied with an increase in hip moments. Rather, hip flexion moments were 
decreased bilaterally compared to control subjects. This would suggest that while 
controlling descent, both the hip and knee of the operative limb are functioning near 
maximum capacity but the task demands are beyond what these muscles groups can 
achieve. Thus, use of a hip-dominant strategy may be an effective compensation during 
level walking, but this strategy does not seem to be present during stair descent. It could 
be, perhaps, that stair descent requires either a more quadriceps-dominant movement 
strategy or this task imposes demands in excess of the individual’s capacity. It is also 
important to note that significant improvement in knee extensor moment was observed 
bilaterally between 3 and 6 months in the TKA group, despite not reaching the level of 
control subjects. This improvement could indicate adaptations in the motor strategy for 
stair descent. However, no kinematic changes were observed between time points 
suggesting that the overall movement pattern remained consistent. Alternatively, it may 
be that improvements in quadriceps function observed between 3 and 6 months post-
surgery are manifested in higher knee extensor moments during stair descent. This would 
indicate that deficits in muscle strength and RTD may more greatly influence stair 
descent than movement strategy, but more work is needed to further explore this 
construct. 
 Scores in the KOOS subscales significantly improved between 3 and 6 months, 
but never reached the levels of control subjects. The knee-related quality of life subscale 
demonstrated the largest effect size of 0.82 and exceeded the clinically important change 
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of 10 points[88]. The symptoms, pain, and activities of daily living subscales also 
demonstrated large effect sizes of 0.54, 0.71, and 0.68, respectively, but did not improve 
by >10 points (Table 4.11). As is typical in patients after TKA, the sports/recreation 
subscale was the lowest scoring and demonstrated a small effect size of 0.29[97, 98, 100]. 
Based on this data, the KOOS and FTSTS demonstrate more improvement between 3 and 
6 months than measures of muscle strength and lower extremity biomechanics during 
walking and stair descent. Previous reports have noted that the KOOS may be insensitive 
to early recovery as patients often report significant improvement compared to pre-
operative scores during the first month after surgery despite significant decline in 
physical measures of performance [100, 102, 153]. Thus, previous studies have 
concluded that patient reported outcomes measure different constructs of recovery than 
physical performance tests early after TKA. The findings of this study indicate that 
between 3 and 6 months post-surgery, large improvements in KOOS and FTSTS occur 
concurrently suggesting that physical performance and subjective patient-reported 
outcomes may measure similar constructs during this period. Early recovery in KOOS 
has been linked to reduction in arthritic pain as a result of the TKA and previous work 
attributes improvement in KOOS scores to reflect less pain with previously painful daily 
activities [153]. It may be that improvements in KOOS during later phases of recovery 
(3-6 months) are driven by improvements in physical function, but further inquiry is 
required. 
 The limitations of this study should be considered. Lack of pre-operative 
measures precludes assessment of improvements between pre-operative and post-
operative measures. Use of a control group partially overcomes this limitation but this 
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method establishes a higher standard for recovery after TKA as impairments in 
individuals awaiting TKA have been noted compared to control subjects [61, 163]. 
Additionally, use of a single stair descent task does not allow for a step-over-step pattern 
that is typical when descending a full flight of stairs. However, analyzing the mechanics 
of a single descent provides valuable information regarding the ability of both the landing 
and stance limbs to perform this more demanding activity and improves understanding of 
a single aspect of a larger task. Lastly, use of an instrumented treadmill for gait analysis 
may limit direct comparison of joint kinetic data collected during overground walking. 
Spatiotemporal and kinematic variables have been shown to be similar between 
conditions, but some differences have been noted in sagittal plane kinetics including 
reduced knee extensor moments[164]. Nonetheless, the treadmill was utilized for all 
participants, eliminating any influence of the treadmill in between-limb and between-
group comparisons. 
 Future studies should investigate relationships between domains to further 
evaluate potential divergence or convergence in the constructs assessed in each domain. 
In particular, the relationships between easily implementable clinical tests (such as the 
FTSTS), patient-reported outcomes, and mechanics of walking and stair descent would 
provide clinicians with tools to determine the likelihood of restoring more symmetrical 
gait mechanics with additional time from surgery. Ultimately, exploration into predictors 
of optimal outcomes across domains after TKA is needed to guide clinical decision 
making during rehabilitation after TKA. Just as clinicians have benefited from return to 
sport criteria for patients after anterior cruciate ligament reconstruction, establishing 
criteria for discharge from rehabilitation for TKA based upon both subjective report and 
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objective physical measures may improve long-term outcomes for a growing number of 
patients after TKA. 
4.6 CONCLUSION 
 Despite improvements in muscle strength, FTSTS performance, gait mechanics, 
and KOOS scores between 3 and 6 months after surgery, patients with unilateral TKA 
have persistent impairments compared to matched controls at 6 months post-surgery. The 
greatest improvements were observed in FTSTS and KOOS scores, indicating that 
muscle weakness of hip external rotators and quadriceps and lower extremity mechanical 
impairments of the hip and knee may require more time or additional intervention for 
recovery. During walking and stair descent, patients after TKA utilize greater hip 
moments for stability as a possible compensation for impaired quadriceps muscle 
strength or knee joint function. These findings suggest that recovery from TKA is 
incomplete and additional strategies are needed to restore normal function during the first 
6 months after surgery. 
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Table 4.1: Subject Demographics 
 TKA Control p-value 
Sex (M/F) 7/14 7/11  
Height (m) 1.68 ± 0.08 1.69 ± 0.10 .848 
Mass (kg) 90.95 ± 21.04 83.69 ± 20.2 .281 
BMI (kg/m2) 32.27 ± 7.4 29.2 ± 5.5 .158 
Age (years) 60.6 ± 8.1 61.2 ± 8.8 .811 
PASE 184.9 ± 99.3 165.9 ± 81.8 .523 
TKA: Subjects with total knee arthroplasty 
M: Male 
F: Female 
BMI: Body Mass Index 
PASE: Physical Activity Scale for the Elderly 
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Table 4.2: Summary of Muscle Strength Measures 
 TKA 3 mo NON 3 mo TKA 6 mo NON 6mo Control 
Hip Abd Peak 0.58 ± 0.3*# ǂ 0.66 ± 0.32 0.70 ± 0.35 0.72 ± 0.34 0.79 ± 0.18 
Hip Abd RTD 1.94 ± 1.15ǂ 2.15 ± 1.02 2.28 ± 1.29 2.58 ± 1.37 2.68 ± 0.79 
Hip ER Peak 0.29 ± 0.11*# ǂ 0.38 ± 0.15# 0.34 ± 0.14*ǂ 0.43 ± 0.17 0.46 ± 0.12 
Hip ER RTD 0.72 ± 0.41*ǂ 1.15 ± 0.59 0.81 ± 0.46*ǂ 1.17 ± 0.50 1.33 ± 0.51 
Quad Peak 0.86 ± 0.34*# ǂ 1.4 ± 0.5ǂ 1.0 ± 0.5*ǂ 1.41 ± 0.59ǂ 1.96 ± 0.64 
Quad RTD 2.43 ± 1.28*# ǂ 4.12 ± 1.68ǂ 3.03 ± 1.68*ǂ 4.08 ± 1.98ǂ 6.0 ± 2.0 
*significant vs between limbs 
# significant 3 mo vs 6 mo 
ǂ significant vs Control 
 
Abd: abduction 
Peak: peak isometric strength (Nm/kg) 
RTD: rate of torque development (Nm/kg*s) 
ER: external rotation 
TKA: operative limb 
NON: non-operative limb 
mo: month 
Quad: quadriceps 
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Table 4.3: Summary of Five-time Sit-to-Stand Performance 
 TKA 3 mo TKA 6 mo Control 
FTSTS (s) 11.95 ± 3.08# ǂ 10.2 ± 2.83ǂ 8.18 ± 1.77 
# significant 3 mo vs 6 mo 
ǂ significant vs Control 
FTSTS: Five-time Sit-to-Stand test 
s: time in seconds 
 
 
 
  
88  
Table 4.4: Summary of Walking Gait Vertical Ground Reaction Force, Sagittal 
Plane Kinematics, and Kinetics 
 
 TKA 3 mo NON 3 mo TKA 6 mo NON 6 mo Control 
Peak vGRF 1.03 ± 0.05ǂ 1.03 ± 0.05ǂ 1.01 ± 0.04*ǂ 1.03 ± 0.04ǂ 1.09 ± 0.05 
Peak Knee 
Flex 
24.8 ± 7.9ǂ 23.0 ± 7.1# ǂ 23.8 ± 8.1ǂ 25.6 ± 5.4ǂ 31.4 ± 6.5 
KFLEXC 9.1 ± 4.4*ǂ 12.5 ± 5.5 10.2 ± 3.8*ǂ 12.9 ± 5.0 15.6 ± 6.0 
Knee Flex at 
IC 
18.6 ± 6.5* 14.6 ± 6.7# ǂ 16.3 ± 6.5 16.7 ± 7.5 19.1 ± 5.5 
Peak Hip 
Flex 
34.6 ± 6.2* 32.0 ± 6.3ǂ 34.4 ± 7.1 33.7 ± 6.4 36.9 ± 6.5 
Peak Hip 
Ext 
4.3 ± 7.0* 1.8 ± 7.2 1.6 ± 9.4 1.1 ± 9.9 2.3 ± 8.1 
HFLEXC 31.2 ± 6.3# 31.2 ± 6.7 33.3 ± 5.4 32.6 ± 5.8 34.6 ± 7.9 
KEM 0.27 ± 0.14ǂ 0.26 ± 0.14# ǂ 0.29 ± 0.19ǂ 0.33 ± 0.20 0.45 ± 0.17 
HEM 0.32 ± 0.11*# ǂ 0.38 ± 0.18 0.37± 0.08 0.39 ± 0.12 0.42 ± 0.13 
*significant vs between limbs 
# significant 3 mo vs 6 mo 
ǂ significant vs Control 
 
vGRF: vertical ground reaction force (measured in bodyweights (BW)) 
Flex: flexion angle 
KFLEXC: knee flexion excursion 
IC: initial contact 
Ext: extension angle 
HFLEXC: hip flexion excursion 
KEM: knee extensor moment (Nm/kg) 
HEM: hip extensor moment (Nm/kg) 
TKA: operative limb 
NON: non-operative limb 
mo: month 
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Table 4.5: Summary of Walking Gait Frontal Plane Kinematics and Kinetics 
 TKA 3 mo NON 3 mo TKA 6 mo NON 6 mo Control 
Knee Add (°) -1.9 ± 3.1* 1.4 ± 4.7 -1.8 ±  3.5 0.5 ± 4.5 0.5 ± 5.8 
Hip Add (°) 6.3 ± 3.2 4.1 ± 4.6 ǂ 6.2 ± 3.0 5.07 ± 4.5 7.4 ± 4.4 
Knee Abd 
Moment 
(Nm/kg) 
0.15 ± 0.06# 0.2 ± 0.1ǂ 0.16 ± 0.06 0.21 ± 0.11ǂ 0.13 ± 0.6 
Hip Abd 
Moment 
(Nm/kg) 
0.41 ± 0.19ǂ 0.44 ± 0.22ǂ 0.38 ± 0.15ǂ 0.48 ± 0.22ǂ 0.29 ± 0.12 
*significant vs between limbs 
# significant 3 mo vs 6 mo 
ǂ significant vs Control 
 
Add: adduction 
Abd: abduction 
TKA: operative limb 
NON: non-operative limb 
mo: month 
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Table 4.6: Summary of Stair Descent Vertical Ground Reaction Force, Sagittal 
Plane Kinematics, and Kinetics of the Landing Limb 
 
 TKA 3 mo NON 3 mo TKA 6 mo NON 6mo Control 
Peak vGRF 1.38 ± 0.25* 1.61 ± 0.37ǂ 1.37 ± 0.29 1.55 ± 0.30ǂ 1.27 ± 0.23 
Peak Knee 
Flex 
29.6 ± 7.1 32.3 ± 7.9 28.6 ± 7.3 35.4 ± 6.1 35.3 ± 6.6 
KFLEXC 11.2 ± 3.6*ǂ 18.1 ± 7.0 12.1 ± 4.8*ǂ 18.6 ± 5.8 17.6 ± 5.2 
Knee Flex at 
IC 
18.5 ± 6.1* 14.3 ± 4.4 16.5 ± 5.2 16.7 ± 4.1 17.7 ± 4.2 
Peak Hip 
Flex 
29.3 ± 7.5 29.3 ± 8.5 27.1 ± 8.6 29.8 ± 8.9 28.9 ± 6.4 
KEM 0.55 ± 0.30 0.62 ± 0.33 0.52 ± 0.27*ǂ 0.76 ± 0.33 0.76 ± 0.38 
HEM 0.44 ± 0.23*ǂ 0.62 ± 0.28 0.48± 0.28 0.60 ± 0.25 0.60 ± 0.18 
*significant vs between limbs 
# significant 3 mo vs 6 mo 
ǂ significant vs Control 
 
vGRF: vertical ground reaction force (measured in bodyweights (BW)) 
Flex: flexion angle 
KFLEXC: knee flexion excursion 
IC: initial contact 
KEM: knee extensor moment (Nm/kg) 
HEM: hip extensor moment (Nm/kg) 
TKA: operative limb 
NON: non-operative limb 
mo: month 
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Table 4.7: Summary of Stair Descent Frontal Plane Kinematics and Kinetics of the 
Landing Limb 
 
 TKA 3 mo NON 3 mo TKA 6 mo NON 6mo Control 
Knee Add (°) -1.6 ± 3.1 1.1 ± 6.3 -1.7 ± 3.5 1.2 ± 4.5 1.1 ± 5.9 
Hip Add (°) 2.2 ± 4.7* -1.1 ± 5.5 2.3 ± 5.8* -1.3 ± 5.1ǂ 2.9 ± 4.2 
Knee Abd 
Moment (Nm/kg) 
0.37 ± 0.15 0.43 ± 0.21 0.42 ± 0.26 0.45 ± 0.24 0.47 ± 0.17 
Hip Abd 
Moment (Nm/kg) 
0.98 ± 0.25 0.95 ± 0.33 1.02 ± 0.33 0.88 ± 0.29 1.07 ± 0.28 
*significant vs between limbs 
# significant 3 mo vs 6 mo 
ǂ significant vs Control 
 
Add: adduction 
Abd: abduction 
TKA: operative limb 
NON: non-operative limb 
mo: month 
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Table 4.8: Summary of Stair Descent Vertical Ground Reaction Force, Sagittal 
Plane Kinematics, and Kinetics of the Stance Limb 
 
 TKA 3 mo NON 3 mo TKA 6 mo NON 6mo Control 
Peak vGRF 1.00 ± 0.05 1.01 ± 0.06 1.01 ± 0.04 1.02 ± 0.04 1.02 ± 0.05 
Peak Knee 
Flex 
68.1 ± 8.2ǂ 67.2 ± 8.5ǂ 71.0 ± 6.5ǂ 69.5 ± 9.0ǂ 79.3 ± 8.3 
Peak Hip 
Flex 
24.3 ± 11.7* 20.2 ± 10.9 25.9 ± 11.4* 21.4 ± 11.5 23.6 ± 6.5 
KEM 1.32 ± 0.34*#ǂ 1.56 ± 0.36#ǂ 1.43 ± 0.36*ǂ 1.66 ± 0.38ǂ 2.1 ± 0.18 
HFM 0.90 ± 0.5ǂ 0.97 ± 0.59ǂ 0.85 ± 0.50ǂ 0.90 ± 0.52ǂ 1.26 ± 0.22 
*significant vs between limbs 
# significant 3 mo vs 6 mo 
ǂ significant vs Control 
 
vGRF: vertical ground reaction force (measured in bodyweights (BW)) 
Flex: flexion angle 
KEM: knee extensor moment (Nm/kg) 
HFM: hip flexor moment (Nm/kg) 
TKA: operative limb 
NON: non-operative limb 
mo: month 
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Table 4.9: Summary of Stair Descent Frontal Plane Kinematics and Kinetics of the 
Stance Limb 
 
 TKA 3 mo NON 3 mo TKA 6 mo NON 6mo Control 
Knee Add (°) 3.5 ± 4.9 4.5 ± 5.9 3.2 ± 5.3 4.5 ± 6.3 4.7 ± 6.4 
Hip Add (°) 10.5 ± 4.9 8.5 ± 4.7 11.2 ± 5.5 8.6 ± 5.4 11.0 ± 3.6 
Knee Abd 
Moment (Nm/kg) 0.52 ± 0.21
ǂ 0.50 ± 0.26ǂ 0.52 ± 0.25ǂ 0.51 ± 0.33ǂ 0.86 ± 0.13 
Hip Abd 
Moment (Nm/kg) 0.94 ± 0.2 0.91 ± 0.16 0.98 ± 0.27 0.88 ± 0.21 0.91 ± 0.01 
*significant vs between limbs 
# significant 3 mo vs 6 mo 
ǂ significant vs Control 
 
Add: adduction 
Abd: abduction 
TKA: operative limb 
NON: non-operative limb 
mo: month 
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Table 4.10: Summary of Knee Injury and Osteoarthritis Outcome Scores 
 TKA 3 mo TKA 6 mo Control 
KOOS_Sym 67.7 ± 9.5# ǂ 73.9 ± 12.5ǂ 95.2 ± 5.3 
KOOS_Pain 77.9 ± 9.6# ǂ 84.3 ± 10.2ǂ 97.4 ± 4.5 
KOOS_ADL 83.1 ± 8.9# ǂ 88.7 ± 8.7ǂ 97.9 ± 3.7 
KOOS_Sport 49.3 ± 24.8 ǂ 55.0 ± 25.0ǂ 93.1 ± 11.5 
KOOS_QoL 53.3 ± 21.2# ǂ 68.5 ± 20.8ǂ 95.1 ± 6.6 
# significant 3 mo vs 6 mo 
ǂ significant vs Control 
 
KOOS: Knee Injury and Osteoarthritis Outcome Score 
Sym: Symptoms subscale 
Pain: Pain subscale 
ADL: Activities of Daily Living subscale 
Sport: Sports/Recreation subscale 
QoL: Knee-related Quality of Life subscale 
TKA: Total Knee Arthroplasty Group 
mo: month 
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Table 4.11: Effect Sizes for Muscle Strength, FTSTS, and KOOS Scores Comparing 
the Operative Limb at 3 and 6 Months Post-surgery 
 
Variable Effect Size 
Hip Abd Peak 0.31 
Hip Abd RTD 0.30 
Hip ER Peak 0.24 
Hip ER RTD 0.23 
Quad Peak 0.33 
Quad RTD 0.35 
FTSTS 0.64 
KOOS_Sym 0.54 
KOOS_Pain 0.71 
KOOS_ADL 0.68 
KOOS_Sport 0.29 
KOOS_QOL 0.82 
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Table 4.12: Effect Sizes for Walking Gait, Stair Descent Landing Limb, and Stair 
Descent Stance Limb Comparing the Operative Limb at 3 and 6 months Post-
surgery 
 
Variable Walking Stair: Landing Stair: Stance 
Peak vGRF 0.44 0.037 0.22 
Peak Knee Flex 0.28 0.14 0.4 
KFLEXC 0.22 0.21 n/a 
Knee Flex at IC 0.44 0.35 n/a 
Peak Hip Flex 0.04 0.27 0.14 
Peak Hip Ext 0.4 n/a n/a 
HFLEXC 0.36 n/a n/a 
KEM 0 0.1 0.31 
HEM 0.53 0.16 n/a 
Knee Add 0.03 0.03 0.06 
Hip Add  0.03 0.02 0.14 
Knee Abd Moment  0.17 0.24 0 
Hip Abd Moment  0.24 0.14 0.17 
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Figure 4.1: Bar Graphs Comparing Rate of Torque Development (RTD) of Hip 
Abductor, Hip External Rotator, and Quadriceps Muscle Groups in Patients after 
Total Knee Arthroplasty and Matched Controls 
 
* significant vs NON 
# significant 3 mo vs 6 mo 
ǂ significant vs Control 
ǂ ǂ both limbs and both time points significant vs Control 
 
ABD: abduction 
RTD: rate of torque development (N/kg*s) 
ER: external rotation 
TKA: operative limb 
NON: non-operative limb 
mo: month 
Quad: quadriceps 
 
 
 
 
  
98  
Figure 4.2: Bar Graphs Comparing Peak Isometric Strength of Hip Abductor, Hip 
External Rotator, and Quadriceps Muscle Groups in Patients after Total Knee 
Arthroplasty and Matched Controls 
 
* significant vs NON 
# significant 3 mo vs 6 mo 
ǂ significant vs Control 
ǂ ǂ both limbs and both time points significant vs Control 
 
ABD: abduction 
ER: external rotation 
TKA: operative limb 
NON: non-operative limb 
mo: month 
Quad: quadriceps 
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Figure 4.3: Bar Graph Comparing Five-Time Sit-to-Stand Performance in Patients 
after Total Knee Arthroplasty and Matched Controls 
 
# significant 3 mo vs 6 mo 
ǂ significant vs Control 
 
TKA: Total Knee Arthroplasty Group 
mo: month 
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Figure 4.4: Vertical Ground Reaction Force during Walking at a Self-Selected 
Speed in Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
BW: percentage bodyweight (1.0 BW = 100% bodyweight) 
% Stance: Percentage of Stance Phase 
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Figure 4.5: Sagittal Plane Knee Kinematics during Walking at a Self-Selected Speed 
in Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.6: Sagittal Plane Hip Kinematics during Walking at a Self-Selected Speed 
in Patients after Total Knee Arthroplasty and Matched Controls 
 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.7: Knee Extensor Moment during Walking at a Self-Selected Speed in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.8: Hip Extensor Moment during Walking at a Self-Selected Speed in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.9: Frontal Plane Knee Kinematics during Walking at a Self-Selected Speed 
in Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.10: Frontal Plane Hip Kinematics during Walking at a Self-Selected Speed 
in Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.11: Knee Abduction Moment during Walking at a Self-Selected Speed in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.12: Hip Abduction Moment during Walking at a Self-Selected Speed in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.13: Vertical Ground Reaction Force during Landing from a Stair Descent 
in Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
BW: percentage bodyweight (1.0 BW = 100% bodyweight) 
% Stance: Percentage of Stance Phase 
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Figure 4.14: Sagittal Plane Knee Kinematics during Landing from a Stair Descent 
in Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.15: Sagittal Plane Hip Kinematics during Landing from a Stair Descent in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.16: Knee Extensor Moment during Landing from a Stair Descent in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.17: Hip Extensor Moment during Landing from a Stair Descent in Patients 
after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.18: Frontal Plane Knee Kinematics during Landing from a Stair Descent in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.19: Frontal Plane Hip Kinematics during Landing from a Stair Descent in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.20: Knee Abduction Moment during Landing from a Stair Descent in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.21: Hip Abduction Moment during Landing from a Stair Descent in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
% Stance: Percentage of Stance Phase 
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Figure 4.22: Vertical Ground Reaction Force of the Stance Limb during Stair 
Descent in Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
BW: percentage bodyweight (1.0 BW = 100% bodyweight) 
% Stance: Percentage of Stance Phase 
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Figure 4.23: Sagittal Plane Knee Kinematics of the Stance Limb during Stair 
Descent in Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
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Figure 4.24: Sagittal Plane Hip Kinematics of the Stance Limb during Stair Descent 
in Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
 
 
 
 
 
 
 
  
121  
Figure 4.25: Knee Extensor Moment of the Stance Limb during Stair Descent in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
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Figure 4.26: Hip Flexor Moment of the Stance Limb during Stair Descent in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
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Figure 4.27: Frontal Plane Knee Kinematics of the Stance Limb during Stair 
Descent in Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
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Figure 4.28: Frontal Plane Hip Kinematics of the Stance Limb during Stair Descent 
in Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
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Figure 4.29: Knee Abduction Moment of the Stance Limb during Stair Descent in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
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Figure 4.30: Hip Abduction Moment of the Stance Limb during Stair Descent in 
Patients after Total Knee Arthroplasty and Matched Controls 
 
TKA: operative limb 
NON: non-operative limb 
mo: month 
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Figure 4.31: Line Plots Comparing Knee Injury and Osteoarthritis Outcome 
Questionnaire Scores in Patients after Total Knee Arthroplasty and Matched 
Controls 
 
# significant 3 mo vs 6 mo 
ǂ significant vs Control 
 
SYM: Symptoms subscale 
Pain: Pain subscale 
ADL: Activities of Daily Living subscale 
Sport: Sports/Recreation subscale 
QoL: Knee-related Quality of Life subscale 
TKA: Total Knee Arthroplasty Group 
mo: month 
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Chapter 5: The Role of Hip Muscle Strength and Functional Test Performance in 
Improving Patient-Reported Outcomes after Total Knee Arthroplasty 
5.1 ABSTRACT 
Purpose and Hypothesis: Patient-reported outcome measures are common clinical tools 
used to assess recovery after total knee arthroplasty (TKA). Patient-reported outcomes 
and measures of physical performance demonstrate weak relationships both early (< 1 
month) and late (> 1 year) after TKA. However, previous studies have included only a 
limited number of physical performance measures and have yet to assess the intermediate 
periods of recovery (3 – 6 months post-surgery) when physical performance is often most 
improved. Thus, the purpose of this study is to evaluate the association between 
quadriceps and hip muscle peak strength and rate of torque development (RTD), five-
time sit-to-stand (FTSTS), and Knee Injury and Osteoarthritis Outcome scores (KOOS) at 
3 months and 6 months post-TKA and determine the association between the changes in 
the three measures from 3 to 6 months post-surgery. It was hypothesized that significant 
correlations would be observed between muscle strength measures and both FTSTS and 
KOOS scores at all time points, but no significant correlations would be observed 
between FTSTS and KOOS scores. 
Methods: Twenty-one subjects participated in the study at 3 and 6 months post-TKA (7 
male, 14 female, height: 1.68 ± 0.08 m, mass: 90.95 ± 21.04 kg, BMI: 32.27 ± 7.4 kg/m2, 
Age: 60.6 ± 8.1 years). At both time points, the subjects performed isometric strength 
testing of hip abductors, hip external rotators, and quadriceps muscle groups to determine 
peak strength and RTD. Subjects also performed the FTSTS and completed the KOOS 
questionnaire. Improvement between time points was quantified by subtracting 3 month 
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values from 6 month values. Pearson product-moment correlations were used to assess 
relationships between measures at both time points and to determine the association 
between improvements in each measure.  
Results: At 3 months post-surgery, peak hip external rotation strength, peak quadriceps 
strength, and FTSTS performance were significantly correlated with KOOS Pain and 
KOOS Sport subscales. FTSTS was significantly correlated with KOOS ADL subscale 
(R = -.632, p = .002) and peak hip abduction strength was significantly correlated with 
KOOS Pain subscale (R = .511, p = .021). At 6 months, only peak hip abduction strength 
was correlated with KOOS Symptoms subscale (R = .572, p = .013) and FTSTS 
significantly correlated with KOOS ADL (R = -.537, p = .018). Changes in KOOS Pain 
subscale were negatively correlated with peak hip abduction strength and RTD (R = -
.595, p =.009; R = -.476, p = .046), while changes in KOOS ADL were positively 
correlated with quadriceps RTD (R = .524, p = .021).  
Conclusion: Hip muscle strength and FTSTS performance were moderately correlated 
with KOOS Pain, ADL, and Sport subscales at 3 months post-surgery, with fewer 
relationships observed at 6 months and among improvements between time points. 
Maximizing hip muscle strength and FTSTS performance during the first 3 months of 
rehabilitation may result in improved patient-reported function after TKA. 
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5.2 INTRODUCTION 
Osteoarthritis (OA) affects more than 20 million Americans, with the knee joint 
most commonly developing OA [165, 166]. Total knee arthroplasty (TKA) is the current 
gold-standard intervention for end-stage knee osteoarthritis and more than 3.48 million 
procedures are projected to be performed annually by the year 2030 [2]. Despite 
significant relief from OA-related pain after TKA, between 30-52% of patients report 
persistent difficulty with functional mobility after surgery and rehabilitation, resulting in 
reduced health and quality of life outcomes for many [6, 7, 105, 106].  
Patient-reported questionnaires, such as the Knee Injury and Osteoarthritis 
Outcome Score (KOOS), are commonly utilized to evaluate patient-perceived function 
[88, 112]. These self-report questionnaires are appealing to researchers and clinicians due 
to their validity in patients after TKA, high internal consistency, limited time and cost 
demands, and lack of need for an in-person assessment[112]. Despite these advantages, 
there is growing evidence that patient-reported questionnaires fail to capture changes in 
physical performance after TKA [100, 153]. Since patient-reported questionnaires are 
reliant upon patient perception, these measures are particularly influenced by the patient’s 
pre-operative abilities and presence of pain. Reduction in joint pain after TKA is 
associated with improvement in patient-reported abilities despite no apparent 
improvement in tests of physical performance [153, 167]. Thus, patient-reported 
questionnaires alone are not sufficient for determining recovery and functional status 
after TKA. 
In response, it has been recommended to assess both subjective self-report and 
objective measures of physical function when evaluating patients after TKA [100, 153]. 
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These objective measures included assessment of muscle strength and functional 
measures of strength such as the five-time sit-stand (FTSTS). Previous studies have noted 
the disconnect between patient-reported function and measures of physical performance 
both very early (1 month or less) and very late (≥ 1 year) after TKA [102, 168]. However, 
few studies have investigated the intermediate period (3-6 months) in which patients 
often maximize muscle strength, functional abilities, and outcomes stabilize [12, 100]. 
Much of the previous work has focused solely on peak isometric quadriceps strength, 
which may be a limited measure of muscle performance. Since functional activities are 
time-dependent tasks, an individual’s ability to quickly produce muscle torque may be 
more related to their physical performance. As such, rate of torque development (RTD) 
has been revealed as potentially a more sensitive measure of recovery after TKA [18, 
144]. Furthermore, since dynamic activities require adequate muscle strength throughout 
the lower extremity, recent evidence has noted improvements in functional ability with 
increased peak hip abduction strength [17, 62].  To date, no studies have investigated the 
relationships between quadriceps RTD and hip muscle peak strength or RTD on patient-
reported function or physical performance measures. Hence, these additional muscle 
performance measures may further elucidate the influence of physical improvement with 
patient-perceived improvement. 
The purpose of the this study is to evaluate the association between quadriceps 
and hip muscle peak strength and RTD, FTSTS, and KOOS scores at 3 months and 6 
months post-TKA and determine the association between the changes in the three 
measures from 3 to 6 months post-surgery. It was hypothesized that significant 
correlations would be observed between muscle strength measures and both FTSTS and 
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KOOS scores at all time points, but no significant correlations would be observed 
between FTSTS and KOOS scores. 
5.3 METHODS 
Participants 
All participants read and signed an informed consent document as approved by 
the University Institutional Review Board. For inclusion in the study, all participants 
were required to meet the following criteria: 1) between the ages of 40-90 years old at the 
time of the 3 month testing 2) undergone unilateral TKA within the past 3 months, 3) no 
prior surgery to the contralateral knee, low back, or either hip, ankle, or foot, 4) no 
presence of neurological or balance disorder that requires use of an assistive device for 
mobility, and 5) must be able to walk at least 10 minutes without an assistive device. 
Patients with contralateral knee osteoarthritis were not excluded from the study; however, 
if the contralateral knee was rated as more symptomatic than the TKA limb at 3 months 
post-surgery or the participant was scheduled for contralateral TKA within the next 3 
months, the participant was excluded. All patients completed rehabilitation in community 
outpatient clinics as is the standard of care. All participants completed all assessments at 
both the 3 and 6 month post-surgery time points. 
Muscle Strength 
 The following isometric strength tests of the operative limb were performed using 
a Biodex System 4 electromechanical dynamometer (Biodex Systems, Shirley, NY): hip 
abduction, hip external rotation, and knee extension. In sidelying, hip abduction was 
performed with the hip in a neutral position with the limb being tested in the superior 
position. The dynamometer arm was secured 5 cm proximal to the lateral tibiofemoral 
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joint. Hip external rotation and knee extension were each assessed with the participant in 
sitting with the hips in neutral rotation, flexed to 85°, and knees flexed to 90°. The 
dynamometer arm was secured 5 cm proximal to the medial malleolus. A practice trial 
was performed for each muscle group. For the two hip strength tests, four experimental 
trials were collected and three experimental trials were collected for the quadriceps. 
Participants were asked to perform each trial with maximal effort and perform the motion 
“as hard as fast as possible”.  
 Peak isometric strength and RTD were the outcomes of interest for strength 
testing. Custom MATLAB code (MathWorks Inc, Natick, MA) was used to calculate 
peak isometric strength and RTD. RTD was calculated by determining the mean slope of 
the first 200 milliseconds of the torque-time curve between the onset of the trial and peak 
torque. Peak strength and RTD were each normalized to body mass by dividing peak 
strength and RTD by the subject’s mass in kilograms.  
Five-Time Sit-to-Stand 
 Participants completed the FTSTS at each time point. Beginning seated in an 
armless chair with a 42.0 cm seat height, participants performed five consecutive sit-to-
stands as quickly as possible. Performance was recorded in seconds and measured using a 
hand-held stopwatch. Time began upon the participant’s back leaving the back rest of the 
chair and time ended when the patient returned to a sitting position after the fifth sit-to-
stand. Use of the upper extremities was not permitted during any portion of the test. Two 
trials were allowed but only the fastest trial was used for data analysis. 
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Knee Injury and Osteoarthritis Outcome Score 
 At each time point, participants completed the KOOS questionnaire, a 42 item 
questionnaire divided into five individually-scored subscales: Symptoms (Sym), Pain, 
function in activities of daily living (ADL), function in sport and recreation (Sport), and 
knee-related quality of life (QoL). Scores on each subscale range from 0 (worst) to 100 
(best). The test-retest reliability of the KOOS has been established for use after TKA, 
allowing for comparison among time points during recovery [112]. 
Statistical Analysis 
 Means for peak strength and RTD of hip abduction, hip external rotation, and 
quadriceps strength testing, FTSTS, and KOOS scores were created for the 3 month and 6 
month testing time points. Changes between 3 and 6 months were calculated by 
subtracting 3 month data from 6 month data for each variable of interest. Using Pearson 
product-moment correlations, relationships between muscle strength, FTSTS, and KOOS 
scores were assessed for 3 and 6 month time points and the change between time points. 
Statistical significance was defined as p≤ 0.05. 
5.4 RESULTS 
TKA Participants 
A total of 21 participants after TKA completed the study. Mean height 1.68 ± 
0.08 m, mass 90.95 ± 21.04 kg, body mass index 32.27 ± 7.4 kg/m2, age 60.6 ± 8.1 years. 
Summary of Muscle Strength, FTSTS, and KOOS performance. 
All measures of muscle strength improved between 3 and 6 months with the 
exception of hip external rotation and hip abduction RTD (Table 5.1). Performance on 
the FTSTS and all subscales of the KOOS significantly improved as well (Table 5.1). 
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Percentage improvements between 3 and 6 month time points are shown in Figures 5.1A 
and 5.1B. 
Correlations: 3 month 
At 3 months post-surgery, no significant correlations were observed between 
muscle strength (peak or RTD) and the FTSTS, KOOS Sym, KOOS ADL, or KOOS QoL 
subscales. Measures of peak strength in hip abduction, hip external rotation, and 
quadriceps were significantly positively correlated with the KOOS Pain subscale. 
Additionally, peak quadriceps and hip external rotation strength were significantly 
positively correlated with KOOS Sport subscale. FTSTS was significantly negatively 
correlated with KOOS Pain, KOOS ADL, and KOOS Sport subscales (Table 5.2). Lastly, 
KOOS Pain and KOOS ADL subscales were strongly correlated (Table 5.3). 
Correlations: 6 month 
At 6 months post-surgery, no significant correlations were observed between 
muscle strength measures and the FTSTS, KOOS Pain, KOOS ADL, KOOS Sport, or 
KOOS QoL subscales. Peak hip abduction strength was significantly positively correlated 
with KOOS Sym subscale. FTSTS performance was significantly negatively correlated 
with KOOS ADL, but no other subscales at 6 months post-surgery (Table 5.4). KOOS 
Pain and KOOS ADL subscales were also strongly correlated at 6 months post-TKA 
(Table 5.3) 
 Correlations: Improvements from 3 to 6 month 
 No significant correlations were observed between muscle strength measures and 
FTSTS, KOOS Sym, KOOS Sport, and KOOS QoL subscales. Negative correlations 
were observed between improvements in hip abduction peak and RTD and KOOS Pain 
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subscales. A positive correlation was observed between quadriceps RTD and KOOS 
ADL. No significant relationships were observed between change in FTSTS performance 
and change in KOOS subscales between 3 and 6 months (Table 5.5) 
5.5 DISCUSSION 
 Our initial hypotheses were partially supported as significant correlations were 
observed between muscle strength measures and KOOS scores. However, in contrast to 
our hypotheses, no significant correlations were observed between muscle strength 
measures and FTSTS performance. Furthermore, significant correlations were found 
between FTSTS performance and KOOS scores. A greater number of significant 
correlations were observed at 3 months post-surgery than at 6-months, with few 
significant relationships observed between improvements in these measures from 3 to 6 
months after surgery. Findings from this investigation suggest that although patient-
reported questionnaires and physical performance tests assess different constructs, there 
may be some convergence with the FTSTS and KOOS at approximately 3 months post-
surgery. 
To the author’s knowledge, this is the first evaluation of hip abduction and 
external rotation muscle strength and RTD on FTSTS performance and KOOS scores in 
patients after TKA. Hip abduction strength has been associated with improved functional 
performance as measured by the stair climbing test (SCT), FTSTS, figure-8 walk, timed 
up-and-go (TUG), and 6-minute walk tests (6MWT) [17, 62]. In older adults, FTSTS 
performance is used a functional measure of lower limb strength [20, 155, 156]. The 
results of this study demonstrate no significant relationships between muscle strength and 
FTSTS performance. The conflicting results related to muscle strength and functional 
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performance may be due to differing task demands. The FTSTS requires both limbs to 
perform simultaneously and concurrently while the SCT, TUG, 6MWT, and other 
walking tests involve alternating cycles of swing and support. As a result, there is no 
period of single limb support or advancement during the FTSTS. Thus, deficits in the 
operative limb may be partially masked while patients place greater demand on their 
contralateral limb. Christiansen et al. note asymmetries in weight bearing during FTSTS 
in patients awaiting TKA and at 1 month post-surgery [49]. More symmetrical weight 
bearing between limbs during the FTSTS was correlated to quadriceps strength 
symmetry, 6MWT, and SCT, but not to FTSTS performance. While weight bearing 
symmetry was not assessed during assessment of FTSTS in non-clinical populations, 
minimal relationship with quadriceps strength suggests that other factors, such as pain, 
are contributing to FTSTS performance. In order to consider the contribution of pain on  
muscle strength and FTSTS performance, analyzing relationships with KOOS subscales 
may provide insight into potential relationships between these measures. 
Although muscle strength was not related to FTSTS performance, stronger 
relationships were observed between muscle strength and KOOS scores. Hip strength 
measures were related to KOOS Sym, Pain, and Sport subscales. Additionally, the 
relationships between KOOS and hip strength were stronger than KOOS and quadriceps 
strength. The findings suggest that patients with stronger hip abductors, external rotators, 
and quadriceps have improved KOOS scores in these subscales at either 3 or 6 months 
post-surgery. A limitation of correlation analyses is that they do not assess causation. 
Thus, whether increased strength leads to improvement in KOOS scores or better patient-
perceived function allows for greater strength measures is unclear and both explanations 
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are plausible. Regarding KOOS Sym and Pain subscales, greater strength may allow for 
multiple movement strategies that reduce knee joint loading, improving function and 
resulting in less pain. Conversely, knee joint pain and symptoms may inhibit muscle 
performance during strength testing. A different mechanism may be inferred regarding 
the KOOS Sport subscale. Individuals with stronger hip and quadriceps muscles may be 
more capable of performing sporting tasks, making make them more likely to do so and 
perceive less difficulty. Alternatively, participation in higher level activities involving 
sporting tasks may lead to greater exposure to physical activity and provide a stimulus for 
improved muscle strength. Peak quadriceps strength is commonly assessed after TKA 
and has shown minimal relationship with KOOS ADL subscale score 1 month post-
surgery and a low, but significant, relationship at 12 months post-surgery [153]. Other 
studies have included quadriceps strength assessment along with KOOS questionnaires 
and physical performance tests, but do not report the results of any correlations between 
these measures and quadriceps strength [100, 102]. Interestingly, although not significant, 
the correlation values of this study are similar to those reported previously for peak 
quadriceps strength and KOOS ADL subscale (.217 vs .26) [153]. Furthermore, 
improvement in quadriceps RTD between 3 and 6 months was significantly positively 
correlated with improvements in KOOS ADL scores. Rate of torque development has 
been suggested as a more functional measure of muscle performance because ADLs such 
as walking, sit-to-stand, and stair climbing require adequate muscle torque at critical 
times during the tasks. As patients’ ability to rapidly generate torque improves, so too 
does their perceived ability to perform ADL tasks. The identification of significant 
relationships between muscle performance measures during the intermediate time points 
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utilized in this study suggest that muscle strength may contribute to improved outcomes 
during this period. 
Short-term follow up studies after TKA (~1 month) have demonstrated that 
patient-report questionnaires overestimate functional ability [100, 153]. In fact, an 
inverse relationship is noted with dramatic decreases in muscle strength and physical 
performance observed despite patients reporting significant improvement in their abilities 
[169]. After the initial precipitous decline in physical function, improvements in both 
self-report and objective physical function between 1 and 3 months post-surgery are 
noted with less improvement noted between 3 and 6 months post-surgery [100]. The 
findings of this study demonstrate between 7.1 – 32.8% improvements in all measures 
from 3 to 6 months, only one of which represent a clinically meaningful change (KOOS 
QoL) [88]. Thus, the period between 1-6 months post-surgery may be a time in which the 
trajectories of recovery for all measures are parallel and patient-perceived function is 
more greatly influenced by physical performance. In other words, reductions in pain drive 
improvements self-reported function during the first post-operative month, but 
improvements in physical function are better perceived by the patient between 1-6 
months.  
To this point, measures of muscle strength and FTSTS are moderately related to 
KOOS scores at 3 months post-TKA, most notably in the Pain, ADL, and Sports 
subscales. In each subscale, FTSTS performance showed the strongest relationship, 
followed by peak hip isometric muscle strength and quadriceps muscle strength. At 6 
months, significant correlations were observed between only peak hip abduction strength 
and KOOS Symptoms subscale and FTSTS and KOOS ADL subscale. Furthermore, 
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correlations between improvements in each measure revealed few relationships, which is 
likely due to small to moderate improvements between time points. Given relatively 
modest improvements in all outcomes between 3 and 6 months post-TKA, maximizing 
patient muscle strength and functional performance during the first 3 months of recovery 
is essential. Since formal rehabilitation is often completed within the first 3 months after 
TKA, opportunities for further physical performance enhancements are dependent upon 
the patient’s own initiative and efforts. Minimal improvement in physical measures may 
explain why KOOS scores become less reflective of patient abilities in the long-term 
[112]. Previous work has noted gradual improvement in KOOS scores with increasing 
time from surgery despite indication that physical performance is unchanged [153]. This 
is likely due to the influence of patient perception on KOOS scores with patients 
modulating their expectations as they become more accustomed to their ability after 
TKA. This may result in additional increases in KOOS scores without any further 
increase in physical abilities.  
Given that self-report questionnaires and physical performance tests reportedly 
assess different constructs, finding moderate correlations between FTSTS test 
performance and KOOS Pain and Sport subscales at 3 months and with KOOS ADL 
subscale at both 3 and 6 post-surgery were unexpected. Specific to the ADL subscale, one 
previous investigation did not observe significant relationships between FTSTS and 
KOOS ADL subscales [62]. However, this study included patients an average of 13.6 
months post-surgery resulting in possible ceiling effects for KOOS ADL [112]. Moderate 
relationships between FTSTS and KOOS subscales at 3 months indicate that this test may 
serve as a valuable objective metric for readiness for discharge from physical therapy. 
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The unique results of this study may also be attributed to the essential nature of a sit-to-
stand task in performing ADLs. Difficulties with this task are commonly reported after 
TKA and the FTSTS may more directly measure this task than other functional tests [6]. 
Additionally, it is important to consider other factors including knee joint pain as a 
potential contributor to poor FTSTS performance. Strong correlations are present 
between KOOS Pain and KOOS ADL subscales, as consistent with previous studies, 
indicating that patients may perceive their ability to perform ADLs are improved largely 
due to reduction in pain [100]. However, it is important to note that FTSTS performance 
was also significantly correlated with KOOS ADL, but not KOOS Pain, at 6 months post-
TKA. As such, since the FTSTS assesses sit to stand, which is a key component of many 
ADLs, it may have better construct validity with the ADL subscale. 
A limitation of this investigation is the lack of pre-operative data for which to 
compare 3 and 6 month patient-report and physical performance outcomes. These data 
would potentially allow for larger differences to be observed in each measure. Also, 
additional factors related to patient expectation from surgery, fear of pain or injury, 
patient satisfaction at time of assessment, and other personality factors that may influence 
outcomes were not included in this study. It should also be noted that several 
relationships are trending towards significance. It may be that as the sample size of this 
study increases, additional significant relationships will be revealed. 
In summary, FTSTS and muscle strength measures are related to patient-reported 
function at 3 months post-TKA but these relationships lessen with time. Maximizing hip 
muscle strength and FTSTS performance prior to 3 months after TKA may help to 
improve patient-reported outcomes, but specific thresholds have yet to be established. 
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Thus, while both subjective and objective measures are needed to assess recovery 
longitudinally after TKA, hip strength and FTSTS may influence subjective outcomes 
near the end of rehabilitation. 
5.6 CONCLUSION 
 Small to moderate improvements were observed in muscle strength, FTSTS 
performance, and KOOS scores between 3 and 6 months after TKA. Hip muscle strength 
and FTSTS performance were moderately correlated with KOOS Pain, ADL, and Sport 
subscales at 3 months post-surgery, with fewer relationships observed at 6 months and 
among improvements between time points. Maximizing hip muscle strength and FTSTS 
performance during the first 3 months after TKA may result in improved patient-reported 
function after TKA. 
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Table 5.1: Summary of Physical Performance and Self-Report Measures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 3 month 6 month 
Hip Abd Peak 0.58 ± 0.3 0.68 ± 0.34 
Hip Abd RTD 1.93 ± 1.15 2.31 ± 1.34 
Hip ER Peak 0.29 ± 0.11 0.32 ± 0.14 
Hip ER RTD 0.72 ± 0.41 0.82 ± 0.48 
Quad Peak 0.86 ± 0.34 1.0 ± 0.5 
Quad RTD 2.43 ± 1.28 2.96 ± 1.73 
FTSTS 12.32 ± 2.96 10.48 ± 2.77 
KOOS Sym 67.1 ± 9.8 73.1 ± 12.6 
KOOS Pain 76.9 ± 8.5 83.6 ± 10.3 
KOOS ADL 82.1 ± 8.6 88.0 ± 8.8 
KOOS Sport 47.3 ± 22.9 53.9 ± 23.4 
KOOS QoL 50.3 ± 19.6 66.8 ± 20.5 
Abd: abduction 
Peak: peak isometric strength (Nm/kg) 
RTD: rate of torque development (Nm/kg*s) 
ER: external rotation 
Quad: quadriceps 
FTSTS: Five-time Sit-to-Stand test (seconds) 
KOOS: Knee Injury and Osteoarthritis Outcome Score 
Sym: Symptoms subscale 
Pain: Pain subscale 
ADL: Activities of Daily Living subscale 
Sport: Sports/Recreation subscale 
QoL: Knee-related Quality of Life subscale 
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Table 5.2: Correlation Matrix for 3 Month Variables 
 
  
 
 
KOOS
Sym 
KOOS
Pain 
KOOS
ADL 
KOOS 
Sport 
KOOS
QoL 
FTSTS 
Hip Abd RTD .421 
(.065) 
.295 
(.207) 
.025 
(.918) 
.304 
(.192) 
.202 
(.392) 
-.083 
(.727) 
Hip Abd Peak .443 
(.051) 
.511* 
(.021) 
.287 
(.220) 
.443 
(.051) 
.375 
(.104) 
-.255 
(.279) 
Hip ER RTD .126 
(.587) 
.179 
(.437) 
-.012 
(.960) 
.337 
(.135) 
.109 
(.640) 
-.251 
(.272) 
Hip ER Peak .283 
(.214) 
.482* 
(.027) 
.176 
(.445) 
.527* 
(.014) 
.307 
(.176) 
-.364 
(.105) 
Quad RTD .326 
(.149) 
.333 
(.141) 
-.059 
(.800) 
.288 
(.205) 
.023 
(.923) 
-.152 
(.511) 
Quad Peak .369 
(.100) 
.441* 
(.045) 
.217 
(.346) 
.504* 
(.020) 
.191 
(.407) 
-.320 
(.157) 
FTSTS -.245 
(.285) 
-.519* 
(.016) 
-.632* 
(.002) 
-.543* 
(.011) 
-.415 
(.061) n/a 
Abd: abduction 
Peak: peak isometric strength 
RTD: rate of torque development  
ER: external rotation 
Quad: quadriceps 
FTSTS: Five-time Sit-to-Stand test 
KOOS: Knee Injury and Osteoarthritis Outcome Score 
Sym: Symptoms subscale 
Pain: Pain subscale 
ADL: Activities of Daily Living subscale 
Sport: Sports/Recreation subscale 
QoL: Knee-related Quality of Life subscale 
145  
Table 5.3: Correlation between KOOS Pain and KOOS ADL Subscales  
 3 month 6 month 
KOOS Pain:KOOS ADL .624* 
(.016) 
.729* 
(.000) 
KOOS: Knee Injury and Osteoarthritis Outcome Score 
Pain: Pain subscale 
ADL: Activities of Daily Living subscale 
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Table 5.4: Correlation Matrix for 6 Month Variables 
 
  
 KOOS
Sym 
KOOS
Pain 
KOOS
ADL 
KOOS 
Sport 
KOOS
QoL 
FTSTS 
Hip Abd RTD .41 
(.091) 
.164 
(.515) 
.083 
(.744) 
.413 
(.088) 
.291 
(.242) 
-.033 
(.898) 
Hip Abd Peak .572* 
(.013) 
.173 
(.492) 
.247 
(.324) 
.357 
(.146) 
.406 
(.095) 
-.458 
(.056) 
Hip ER RTD .197 
(.418) 
.199 
(.414) 
.095 
(.700) 
.251 
(.301) 
.324 
(.176) 
-.051 
(.835) 
Hip ER Peak .215 
(.377) 
.048 
(.846) 
.011 
(.966) 
.161 
(.511) 
.282 
(.243) 
-.123 
(.614) 
Quad RTD .307 
(.201) 
.110 
(.655) 
.153 
(.533) 
.340 
(.154) 
.162 
(.507) 
-.303 
(.207) 
Quad Peak .362 
(.128) 
.176 
(.472) 
.233 
(.336) 
.428 
(.067) 
.278 
(.250) 
-.330 
(.168) 
FTSTS -.428 
(.068) 
-.213 
(.382) 
-.537* 
(.018) 
-.207 
(.395) 
-.415 
(.077) n/a 
Abd: abduction 
Peak: peak isometric strength 
RTD: rate of torque development  
ER: external rotation 
Quad: quadriceps 
FTSTS: Five-time Sit-to-Stand test 
KOOS: Knee Injury and Osteoarthritis Outcome Score 
Sym: Symptoms subscale 
Pain: Pain subscale 
ADL: Activities of Daily Living subscale 
Sport: Sports/Recreation subscale 
QoL: Knee-related Quality of Life subscale 
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Table 5.5: Correlation Matrix for 3 to 6 Month Improvement 
 
 
  
 KOOS 
Sym 
KOOS 
Pain 
KOOS
ADL 
KOOS 
Sport 
KOOS
QoL 
FTSTS 
Hip Abd RTD -.002 
(.994) 
-.476* 
(.046) 
-.399 
(.101) 
.033 
(.895) 
-.409 
(.092) 
.185 
(.461) 
Hip Abd Peak -.34 
(.168) 
-.595* 
(.009) 
-.167 
(.509) 
-.141 
(.577) 
-.370 
(.130) 
-.060 
(.812) 
Hip ER RTD .201 
(.410) 
-.082 
(.739) 
-.006 
(.980) 
.031 
(.899) 
.178 
(.467) 
-.273 
(.257) 
Hip ER Peak -.141 
(.564) 
-.134 
(.584) 
.122 
(.619) 
-.184 
(.450) 
.086 
(.728) 
-.232 
(.339) 
Quad RTD -.133 
(.586) 
.194 
(.426) 
.524* 
(.021) 
.391 
(.098) 
-.074 
(.765) 
-.453 
(.051) 
Quad Peak -.296 
(.219) 
.096 
(.697) 
.260 
(.282) 
.059 
(.812) 
.086 
(.726) 
-.412 
(.080) 
FTSTS .059 
(.811) 
-.153 
(.531) 
-.241 
(.319) 
-.153 
(.532) 
-.317 
(.186) n/a 
Abd: abduction 
Peak: peak isometric strength 
RTD: rate of torque development  
ER: external rotation 
Quad: quadriceps 
FTSTS: Five-time Sit-to-Stand test 
KOOS: Knee Injury and Osteoarthritis Outcome Score 
Sym: Symptoms subscale 
Pain: Pain subscale 
ADL: Activities of Daily Living subscale 
Sport: Sports/Recreation subscale 
QoL: Knee-related Quality of Life subscale 
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Figure 5.1: Bar graphs of Percent Improvement from 3 to 6 months post-surgery in 
A) physical performance tests and B) KOOS Scores 
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Chapter 6. Identifying Clinical Predictors of Knee Flexion Mechanics during 
Walking after Total Knee Arthroplasty. 
6.1 ABSTRACT 
Purpose and Hypothesis: Despite significant rehabilitation, deficits in knee flexion 
excursion during walking are known to persist after total knee arthroplasty (TKA). 
Techniques to directly assess walking mechanics in a clinical setting are limited by 
concerns regarding time, cost, and validity. For this reason, determining the ability of 
clinical tests to predict gait mechanics would fill a critical clinical gap. Thus, the purpose 
of this study is to determine the utility of clinical assessments performed 3 months after 
TKA in predicting knee flexion motion during walking at 6 months after TKA. It was 
hypothesized that measures of physical performance, but not patient-reported function, 
would predict gait mechanics in individuals after TKA. 
Methods: Thirty-nine individuals completed the study protocol, 21 in the TKA group (7 
male, 14 female, height: 1.68 ± 0.08 m, mass: 90.95 ± 21.04 kg, BMI: 32.27 ± 7.4 kg/m2, 
Age: 60.6 ± 8.1 years ) and 18 matched control subjects ( 7 male, 11 female, height: 1.69 
± 0.10 m, mass: 83.69 ± 20.2 kg, BMI: 29.2 ± 5.5 kg/m2, age: 61.2 ± 8.8 years). At 3 
months post-operatively, participants performed isometric strength testing to determine 
peak strength and rate of torque development (RTD) of hip abductor, hip external rotator, 
and quadriceps muscle groups as well as completed the FTSTS and KOOS. At 6 months 
post-operatively, participants underwent three-dimension motion analysis while walking 
on an instrumented treadmill. Pearson product-moment correlations and stepwise 
multiple linear regression were used to assess the relationship and predictive properties of 
3 month to 6 month measures. 
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Results: Three significant regression models were identified. Model 1 included solely 
quadriceps RTD (Adj R2 0.357, p = .000). Model 2 included quadriceps RTD in addition 
to hip external rotation RTD (Adj R2 0.435, p = .000), while Model 3 included quadriceps 
RTD, hip external rotation RTD, and FTSTS (Adj R2 0.488, p = .001). 
Conclusion: Faster quadriceps RTD, slower hip external rotation RTD, and faster FTSTS 
performance at 3 months post-surgery is predictive of greater knee flexion excursion 
during walking at 6 months post-surgery. 
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6.2 INTRODUCTION 
Total knee arthroplasty (TKA) is the most common treatment for end-stage knee 
osteoarthritis with over 600,000 procedures performed annually in the United States [1]. 
Although TKA is successful in reducing pain due to osteoarthritis, significant muscle 
weakness, poor functional mobility, and gait asymmetries persist after surgery and 
rehabilitation [5-7, 107]. As a means of helping clinicians improve care after TKA, 
numerous methods have been developed to assess patient self-reported function and 
physical performance [45, 57, 112]. Despite these options, clinicians continue to lack 
time-efficient and inexpensive methods to quantitatively assess gait mechanics. As 
persistent gait asymmetries are known contributors to poor functional mobility after 
TKA, limited gait assessment methods represent a significant clinical problem [15]. 
Post-acute rehabilitation for TKA includes, on average, 19 visits to outpatient 
rehabilitation during the first 8-12 weeks after surgery [3]. During this period, regular 
assessments of hip and knee muscle strength, functional performance, and patient-
reported function are conducted with significant progress typically achieved before 
discharge from supervised care [100, 170]. Despite expectations of continued 
improvements, poor gait mechanics often persist including reductions in knee flexion 
motion during stance phase [79, 107]. If clinical tests could be evaluated for their ability 
to determine which patients will have persistent gait impairments, then additional 
interventions could be introduced before a patient is discharged from care. 
Direct assessment of gait mechanics in a clinical setting is limited by the 
significant time and financial demands of three-dimensional motion analysis systems. 
Two-dimensional video gait analysis suffers from potential for perspective error, 
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unknown validity, and also requires additional clinic time and space that currently 
impedes mass implementation of this tool. Without the ability to formally assess gait 
mechanics, clinicians may defer to qualitative gait assessment or their best clinical 
judgement to determine which patients are likely to recovery more normal gait mechanics 
and which may require additional intervention. Commonly performed clinical 
assessments leading up to discharge from rehabilitation after TKA include hip and knee 
muscle strength, five-time sit-to-stand (FTSTS) performance, and the Knee Injury and 
Osteoarthritis Outcome Score (KOOS) questionnaire [45, 57, 112]. Recently, improved 
hip muscle strength has been indicated as a possible compensatory mechanism for 
quadriceps weakness, but the influence on knee mechanics during walking is unknown 
[17, 62]. Furthermore, in addition to measures of peak muscle strength, rate of torque 
development (RTD) or how quickly a muscle generates torque, has been proposed as a 
more sensitive measure of muscle performance and may better reflect muscular demands 
during dynamic activities [18, 144]. Rate of torque development, in addition to peak hip 
and knee muscle strength, FTSTS, and KOOS scores are potentially well suited for use as 
clinical predictors of knee mechanics because they have fewer time and equipment 
demands than instrumented gait analyses and can be safely assessed throughout the early 
and intermediate stages of outpatient rehabilitation.   
 Thus, the purpose of this study is to determine the utility of clinical assessments 
(hip and knee peak strength and RTD, FTSTS, and KOOS scores) performed 3 months 
after TKA in predicting knee flexion motion during walking at 6 months after TKA. In 
doing so, this project will serve as an initial step towards developing objective criteria for 
discharge and inform clinicians of the role these clinical assessments have in evaluating 
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gait mechanics after TKA. It was hypothesized that measures of physical performance 
(strength, RTD, and FTSTS), but not patient-reported function (KOOS), would predict 
gait mechanics in individuals after TKA. 
6.3 METHODS 
Study Design and Participants 
Participants were recruited as previously described in Chapter 4 (pg. 62). 
Participants with TKA were included if they met the following criteria: 1) between the 
ages of 40-90 years old, 2) undergone unilateral TKA within the past 3 months, 3) no 
prior surgery to the contralateral knee, low back, or either hip, ankle, or foot, 4) no 
neurological or balance disorder that requires use of an assistive device for mobility, and 
5) able to walk at least 10 minutes without an assistive device. All control participants 
were required to be free of previous surgery and current injury in lower back and lower 
extremity joints, and match a TKA participant in sex, age, body mass index, and physical 
activity level as measured by the Physical Activity Scale for the Elderly (PASE). At 3 
months post-TKA, participants completed muscle strength and RTD testing, FTSTS, and 
KOOS assessments. At 6 months post-TKA, participants underwent three-dimensional 
instrumented gait analysis. Control participants performed all testing procedures in a 
single session.  
3 Month Assessments 
Muscle Strength and Rate of Torque Development 
All participants completed isometric strength testing of hip abduction, hip 
external rotation, and quadriceps of each limb using a Biodex System 4 (Biodex Systems, 
Shirley, NY). Participants in the TKA group were assessed at 3 months post-surgery. Hip 
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abduction was assessed with the hip joint in neutral alignment and the participant in 
sidelying. The dynamometer arm was secured 5 cm proximal to the lateral tibiofemoral 
joint. Participants were instructed to abduct their leg towards the ceiling. Hip external 
rotation and quadriceps were each assessed with the hip flexed to 85°, knee flexed to 90°, 
and hip in 0° rotation while the participant was seated. The dynamometer arm was 
secured 5 cm proximal the medial malleolus. During hip external rotation, participants 
were instructed to rotate their leg as if they were looking at the bottom of their shoe. For 
the quadriceps, participants were given verbal instruction to extend their knee as if to 
kick forward. One practice and three experimental trials were performed for quadriceps 
testing, while four experimental trials were conducted for hip abduction and hip external 
rotation. Verbal encouragement was provided during all strength testing and with patients 
asked to provide maximal effort and performed each task with as much force and as 
quickly as possible. 
 Peak strength values and rate of torque development (RTD) were determined for 
each trial and averaged for each variable for use in statistical analyses. All tests were 
performed bilaterally and the trials were normalized to body mass. Custom MATLAB 
code (MathWork Inc, Natick, MA) was used to calculate the mean slope of the torque-
time curve over the first 200 milliseconds of the linear portion between the onset of the 
trial and peak torque [158]. 
Five-time Sit-to-Stand Test 
 All participants completed the five-time sit-to-stand test (FTSTS) with 
participants in the TKA group assessed at 3 months post-surgery. Beginning seated in an 
armless chair with a 42.0 cm seat height, participants were asked to complete five 
155  
consecutive sit-to-stands as quickly as possible without using their upper extremities or 
an assistive device for assistance. Using a hand-held stopwatch to record time, timing 
began upon initiation of the task from sitting and was stopped upon returning to sitting 
after the 5th sit-to-stand. Two trials were allowed, with the fastest trial used for data 
analysis. 
Knee Injury and Osteoarthritis Outcome Score (KOOS) 
 All participants completed the Knee Injury and Osteoarthritis Outcome Score 
(KOOS), with the TKA participants assessed at 3 months post-surgery. Each individual 
subscale was scored separately on a scale of 0 to 100 with 0 indicating the worst possible 
function and 100 representing the best. 
6 Month Assessment 
Three-dimensional Gait Analysis 
All participants underwent three-dimensional motion analysis at a self-selected 
speed on an instrumented treadmill as previously described in Chapter 4 (pg. 65). Data 
for the TKA participants were collected at 6 months post-surgery. During walking, 
marker trajectories were recorded using a 10-camera motion analysis system (Motion 
Analysis Corp, Santa Ana, CA) with a sampling rate of 200 Hz. Data filtering of marker 
position was performed with a fourth-order, low-pass, zero-lag Butterworth filter at 8 Hz 
and calculations of joint kinematics were performed using Visual 3D software (C-
Motion, Germantown, MD). Angles were calculated using Cardan XYZ angles 
referencing the distal segment to the proximal. Custom MATLAB code was generated to 
extract sagittal plane knee kinematic data. Knee flexion excursion was calculated as the 
total amount of knee flexion motion occurring between initial contact and midstance. 
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Statistical Methods 
Data were analyzed with SPSS Statistics 22 (IBM, Armonk, NY), Pearson 
product moment correlations coefficients were calculated to assess relationships between 
the 3 month assessments and 6 month knee flexion excursion. Statistical significance was 
defined as P ≤ 0.05. Significant correlations in addition to age, height, mass, body mass 
index were then entered into a stepwise multiple linear regression to determine the 
predictive properties of 3 month assessments on 6 month knee flexion excursion of the 
operative limb.  
6.4 RESULTS 
Participant Characteristics 
A total of 39 participants (21 TKA, 18 controls) completed the study. No 
significant differences in mean age, height, weight, body mass index (BMI), or PASE 
physical activity level between the TKA and control groups were present at the time of 
testing (Table 4.1). 
Correlation 
 The mean and standard deviation for all variables are reported in Table 6.1. 
Significant positive relationships were found between 3 month hip external rotation RTD, 
hip external rotation peak strength, quadriceps RTD, and quadriceps peak strength of the 
operative limb and 6 month knee flexion excursion (Table 6.2A). In the nonoperative 
limb, significant positive relationships with 6 month knee flexion excursion were only 
found with quadriceps RTD and peak strength (Table 6.2B). All five KOOS subscales 
were positively associated with knee flexion excursion (Table 6.2C). Lastly, the FTSTS 
was significantly and negatively correlated with knee flexion excursion (Table 6.2C). 
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Regression Models 
 The stepwise multiple linear regression identified three significant models to 
predict knee flexion excursion (Table 6.3). Model 1 included only quadriceps RTD of the 
operative limb (b = 1.4 ± 0.68; p = 0.000). Model 2 included operative limb quadriceps 
RTD (b = 2.5 ± 1.13; p = 0.000) and hip external rotation RTD (b = -5.7 ± 5.01; p = 
0.027). Model 3 included operative limb quadriceps RTD (b = 2.03 ± 1.17; p = 0.001), 
hip external rotation RTD (b = -5.0 ± 4.87; p = 0.045), and FTSTS performance (b = -0.6 
± 0.59; p = 0.048). The overall model fit for models 1, 2, and 3 for predicting knee 
flexion excursion, as measured by adjusted R2, were 0.357, 0.435, and 0.488, 
respectively. Variance inflation factors were calculated to determine the severity of 
multicollinearity in the regression equations. For Model 2, the variance inflation factor 
was 3.3 for each variable. In Model 3, the highest variance inflation factor was 3.9 with 
quadriceps RTD. Each of these values is <10, indicating low concern for collinearity 
influencing the regression results. 
6.5 DISCUSSION 
 The purpose of this study was to determine the utility of clinical assessments 
performed at 3 months in determine knee flexion excursion at 6 months post-TKA. The 
initial hypothesis was confirmed, objective measures, but not subjective patient-reported 
function (i.e. KOOS), were predictive of knee flexion excursion. Specifically, 3 month 
operative limb quadriceps RTD, hip external rotation RTD, and FTSTS performance 
were predictive of 6 month operative limb knee flexion excursion. 
 Quadriceps function is typically assessed through measures of peak strength after 
TKA with significant deficits noted during the first year after surgery [43]. These deficits 
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have been associated with impaired physical function and more asymmetrical gait 
mechanics [15, 52]. Despite its utility and ease of implementation, measures of peak 
strength are not subject to the same time constraints as functional tasks like walking. For 
this reason, peak strength may not reflect function as accurately as time-constrained 
measures of strength, such as RTD. The results of the regression model from this study 
support this notion as quadriceps RTD, but not quadriceps peak strength, of the operative 
limb was included in all 3 predictive models with faster quadriceps RTD at 3 months 
post-TKA predicting greater knee flexion excursion at 6 months post-TKA. This suggests 
that quadriceps RTD is a better indicator of dynamic function than peak quadriceps 
strength. Furthermore, Model 1 identified quadriceps RTD alone as a significant 
predictor of knee flexion excursion and explained nearly 36% of the variance. Individuals 
after TKA are noted to have reduced peak knee flexion angle and knee flexion excursion 
during walking, a pattern that has been termed “quadriceps avoidance” gait [108]. By 
reducing the degree and total amount of knee flexion, this gait pattern reduces the 
required muscular demand of the quadriceps to control the knee joint during loading and 
weight acceptance. Individuals with poorer quadriceps function, as measured by slower 
quadriceps RTD, undergo less knee flexion excursion suggesting limitations in rapid 
torque generation of the quadriceps are contributing to reductions in knee joint motion 
during walking. Furthermore, the results of this study expand upon previous findings 
related to quadriceps function by demonstrating the relationship of quadriceps RTD near 
the time of discharge from rehabilitation to knee flexion mechanics at a future time point. 
Given the ubiquity of quadriceps RTD in each of the 3 prediction models, emphasis on 
maximizing gains in this measure should be emphasized during rehabilitation after TKA. 
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Similar patterns between RTD and peak strength were observed in operative limb 
hip external rotation as RTD, but not peak strength, was a significant predictor of knee 
flexion excursion and explained an additional 7.8% of the variance in knee flexion 
excursion. Interestingly, the predictor coefficient for hip external rotation RTD was 
negative, suggesting that faster hip external rotation RTD at 3 months predicted less knee 
flexion excursion at 6 months post-surgery. Testing hip external rotation in seated is 
proposed as a better method of assessing gluteus maximus function than hip extension 
testing [161]. To the author’s knowledge, no previous studies have investigated the 
contribution of hip muscle performance on gait mechanics after TKA. The findings of the 
regression models suggest that those individuals with greater gluteus maximus function 
undergo less knee flexion excursion. Keeping in mind the contribution of quadriceps 
RTD, these results indicate that better gluteal function does not ameliorate impaired 
quadriceps function in achieving normal knee mechanics during walking. Rather, 
achieving or maintaining gluteal function during rehabilitation may reinforce utilization 
of a hip-dominant movement strategy at the expense of restoring normal knee mechanics 
during gait. Thus, patients may be more likely to utilize the muscle groups that function 
best. Better gluteal function allows individuals to walk successfully while transferring 
muscular demand from the knee to the hip. As a result, individuals with faster hip 
external rotation RTD are more capable of implementing a hip-dominant strategy and 
may have minimal catalyst to utilize their quadriceps or increase knee flexion excursion 
during walking. 
 The FTSTS was the final predictor of knee flexion excursion and explained an 
additional 5.3% of the variance in the model. FTSTS performance is associated with 
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quadriceps strength and is often used as a surrogate measure of lower extremity strength 
[20, 155, 156]. One previous study noted that individuals who demonstrated an 
improvement in FTSTS performance from pre-operative to 1 year postoperative that 
exceeded the minimal detectable change (2.5 s), also demonstrated greater walking gait 
symmetry [66]. In combination with these findings, the results of the current study’s 
regression model suggest that FTSTS performance may inform clinicians of a patient’s 
knee biomechanics with faster FTSTS performance predicting greater knee flexion 
excursion. The timing demands of the FTSTS, requirements for greater knee flexion, in 
addition to the need for concentric and eccentric muscle contractions may contribute to 
this test being a predictor of knee mechanics during walking. However, additional study 
is warranted to determine potential meaningful thresholds for FTSTS performance. 
Non-operative quadriceps strength and RTD were included in the regression 
model, but were not significant predictors of knee flexion excursion. Previous studies 
have noted that quadriceps strength of the non-operative limb is a strong predictor of 
post-operative functional abilities [54, 160]. One of these studies utilized pre-operative 
strength measures and neither assessed gait mechanics, which may explain why the non-
operative quadriceps function did not significantly contribute to the predictive model in 
this study. Interestingly, hip abduction peak strength and RTD were not significantly 
correlated with knee flexion excursion and were, therefore, not included in the regression 
model. Growing evidence exists that greater hip abduction strength is associated with 
improvements in functional performance measures such as the stair climbing test and 6-
minute walk test. However, these tests do not assess joint kinematics. Thus, hip abduction 
strength may have a role in physical performance but this does not appear to extend to 
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knee flexion motion during walking. Lastly, KOOS scores were significantly correlated 
with knee flexion excursion but did not significantly contribute to the predictive model. 
This was as hypothesized and consistent with previous reports that subjective self-report 
measures of physical function are not predictive of gait mechanics[103]. The correlation 
values reported in this study are higher than previous studies, likely due to the inclusion 
of a control group with higher mean KOOS scores. 
The predictive quality of these models is limited to the variables from which they 
were produced, as not all potentially influential factors were measured in this study. 
Possible variables unaccounted for include patient motivation, baseline function (self-
reported and objectively assessed), and patient activity (type, duration, intensity) between 
3 and 6 months post-surgery. Future work should seek to prospectively validate the utility 
of these assessments and develop specific thresholds that, when achieved, will predict 
optimal joint mechanics in the long-term. Furthermore, since quadriceps RTD 
impairments are shown to persist and impact gait mechanics, exploration of interventions 
to improve quadriceps RTD and normalize gait patterns are necessary. 
6.6 CONCLUSION 
This study has shown that operative limb quadriceps RTD, hip external rotation 
RTD, and FTSTS assessed at 3 months post-TKA are significant predictors of knee 
flexion excursion during walking at 6 months post-surgery. Maximizing quadriceps RTD 
and FTSTS performance while reducing reliance on hip strategies during rehabilitation 
will likely improve future knee joint motion during walking after TKA. The results of 
this study serve as an initial step towards identifying targets for objective criteria for 
discharge after TKA. 
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Table 6.1 Three and Six Month Variables of Interest 
 Mean ± SD 
                     3 Month      TKA                      NON 
ABD RTD 2.3 ± 1.1 2.4 ± 0.9 
ABD Peak 0.7 ± 0.3 0.7 ± 0.3 
ER RTD 1.0 ± 0.6 1.23 ± 0.56 
ER Peak 0.4 ± 0.1 0.4 ± 0.1 
Quad RTD 4.1 ± 2.4 5.0 ± 2.0 
Quad Peak 1.4 ± 0.7 1.7 ± 0.6 
FTSTS (s) 10.2 ± 3.1 
KOOS_Sym 80.4 ± 15.9 
KOOS_Pain 86.9 ± 12.4 
KOOS_ADL 89.9 ± 10.2 
KOOS_Sport 69.5 ± 29.5 
KOOS_QOL 72.6 ± 26.5 
                       6 Month 
KFLEXC (°) 12.9 ± 5.7 
Abd: abduction 
Peak: peak isometric strength (N/kg) 
RTD: rate of torque development (N/kg*s) 
ER: external rotation 
TKA: operative limb 
NON: non-operative limb 
Quad: quadriceps 
FTSTS: Five-time Sit-to-Stand test 
KFLEXC: knee flexion excursion 
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Table 6.2 Correlation Matrices for 3 month A) Operative Limb Muscle 
Performance, B) Non-operative Limb Performance, c) FTSTS and KOOS scores to 
6 month Knee Flexion Excursion 
 
A. 
 ABD 
RTD 
ABD 
Peak 
ER RTD ER Peak Quad 
RTD 
Quad 
Peak 
KFLEXC .257 (.142) 
.336 
(.052) 
.337* 
(.048) 
.446* 
(.007) 
.598* 
(.000) 
.587* 
(.000) 
 
B. 
 ABD 
RTD 
ABD 
Peak 
ER RTD ER Peak Quad 
RTD 
Quad 
Peak 
KFLEXC .211 (.231) 
.299 
(.085) 
.233 
(.178) 
.324 
(.058) 
.529* 
(.001) 
.494* 
(.003) 
 
C. 
 FTSTS Sym Pain ADL Sport QoL 
KFLEXC -.503* (.002) 
.571* 
(.000) 
.514* 
(.002) 
.520* 
(.001) 
.539* 
(.001) 
.483* 
(.003) 
Abd: abduction 
Peak: peak isometric strength (N/kg) 
RTD: rate of torque development (N/kg*s) 
ER: external rotation 
Quad: quadriceps 
KFLEXC: knee flexion excursion 
FTSTS: Five-time Sit-to-Stand test 
Sym: KOOS Symptoms subscale 
Pain: KOOS Pain subscale 
ADL: KOOS Activities of Daily Living subscale 
Sport: KOOS Sports/Recreation subscale 
QOL: KOOS Knee-related Quality of Life subscale 
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Table 6.3 Results of Regression Models Predicting 6 month Knee Flexion Excursion 
of the Operative Limb. 
 Predictors Adj 
R2 
% 
Change 
Beta (95% CI) P-value 
Model 1 TKA Quad RTD 
 
 
.357 - 1.4 (0.76 – 2.08) 
 
.000 
Model 2 TKA Quad RTD 
TKA Hip ER RTD 
 
.435 7.8 2.5 (1.37 – 3.63) 
-5.7 (-10.8 - -0.69) 
.000 
.027 
Model 3 TKA Quad RTD 
TKA Hip ER RTD 
FTSTS 
.488 5.3 2.03 (0.85 – 3.2) 
-5.0 (-9.9 - -0.13) 
-0.6 (-1.2 - -0.01) 
.001 
.045 
.048 
 
Quad: Quadriceps 
TKA: Operative limb 
ER: External Rotation 
RTD: Rate of torque development 
FTSTS: Five-time Sit-to-Stand Test 
Adj: Adjusted 
CI: Confidence Interval 
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Chapter 7: Summary & Future Directions 
7.1 INTRODUCTION 
 The goal of this dissertation was to define recovery during the early post-
rehabilitative period between 3 and 6 months after TKA in four domains: 1) hip abductor, 
hip external rotator, and quadriceps muscle performance, 2) five-time sit-to-stand  
performance (FTSTS), 3) KOOS questionnaire scores, and 4) biomechanics of walking 
and stair descent. Furthermore, this dissertation sought to explore relationships between 
these four domains of recovery and develop predictive models of post-rehabilitative gait 
mechanics in order to identify possible targets for intervention. With more than 50% of 
patients after TKA reporting difficulty with walking, these data will serve as initial steps 
towards developing additional objective criteria for discharge from outpatient 
rehabilitation. With this goal in mind, the specific aims of this dissertation were 
developed to establish early post-rehabilitative recovery and provide clinically relevant 
findings to improve rehabilitation practices for individuals after TKA. Below is a brief 
summary of each aim, key outcomes, and clinical implications. Lastly, study limitations 
and suggestions for future research are discussed. 
7.2 SUMMARY 
 In Chapter 3, a systematic review of recovery in muscle strength, FTSTS, walking 
and stair descent mechanics, and KOOS scores at pre-operative, 3 months post, and 6 
months post-operative time points. This review primarily highlights gaps in current 
evidence related to recovery of hip muscle strength, FTSTS performance, and stair 
descent mechanics in individuals after TKA. This review also synthesizes previous 
studies identifying persistent quadriceps strength and gait mechanics during level 
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walking. The key outcomes from this review are that whether or not hip muscle strength 
is impaired after TKA is unknown as are the implications of either normal or potentially 
impaired hip muscle strength on function and biomechanics. Furthermore, the review did 
not identify any studies investigating stair descent and only 2 studies on stair ascent 
during the first 6 months following TKA. Since difficulty with stair negotiation, 
particularly stair descent, is commonly reported after TKA, lack of research on this 
essential daily task is a critical gap in the clinical literature. More evidence exists 
regarding deficits in quadriceps strength and impairments in knee joint biomechanics 
during walking suggesting that recovery in these measures is incomplete 6 months after 
TKA. Ultimately, it was concluded from this review that despite improvement in KOOS 
scores, persistent deficits are common in quadriceps muscle strength, FTSTS, and knee 
joint biomechanics during walking at 6 months after TKA. The gaps identified in this 
review serve as potential areas for future research which may improve rehabilitation and 
subsequent outcomes for individuals after TKA. 
 As an initial step in addressing the gaps identified in Chapter 3, Chapter 4 
investigated post-rehabilitative recovery in quadriceps and hip muscle strength and rate 
of torque development (RTD), FTSTS performance, KOOS scores, and hip and knee 
joint biomechanics during walking and stair descent. It was found that deficits in 
quadriceps and hip external rotation peak strength and RTD were present at both 3 and 6 
months after TKA. Hip abduction peak strength and RTD recovered and were not 
significantly different compared to control subjects at the 6 month time point. Modest 
improvements were observed in FTSTS performance and KOOS scores, but remained 
impaired compared to control subjects. Additionally, knee flexion excursion during 
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walking and landing from stair descent remained impaired in the TKA limb compared to 
both the non-operative limb and control subjects. Furthermore, patients after TKA 
demonstrate greater hip strategy utilization during walking than controls, possibly as a 
compensation for impaired quadriceps muscle function. Minimal improvements were 
observed in the stance limb during stair descent after TKA, as deficits in knee extensor 
moment, hip flexor moment, and knee flexion angle suggest that the demands of 
eccentrically controlling body mass during descent exceed the muscular capacity of the 
TKA limb at both time points. This is the first longitudinal investigation of quadriceps 
RTD, hip muscle peak strength and RTD, and stair descent mechanics after TKA and the 
results indicate incomplete recovery both at the conclusion of rehabilitation and the early 
post-rehabilitative phase, with minimal meaningful improvement between time points. 
Knowing that these deficits are not resolved at the conclusion of rehabilitation and 
demonstrated minimal meaningful improvement after discharge from rehabilitation is 
clinically valuable. This informs clinicians and researchers that current rehabilitation 
practices do not restore full muscle strength, functional ability, and mechanics and also 
suggests that if gains are not made during rehabilitation, then additional meaningful gains 
are unlikely to occur after rehabilitation. Based on these outcomes, it is recommended 
that clinicians seek to maximize recovery during rehabilitation and develop additional 
interventions to more fully recover muscle strength and RTD, FTSTS performance, and 
restore normal gait and stair descent biomechanics. 
 Building upon the findings of Chapter 4, a better understanding of the 
relationships between muscle strength and RTD, FTSTS, and KOOS scores would further 
elucidate common patterns of recovery after TKA. Chapter 5 sought to explore 
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relationships between these measures at 3months post-surgery, 6 months post-surgery, 
and the change in performance between 3 and 6 months. It was found that better peak hip 
muscle strength and FTSTS performance were correlated with improved KOOS scores at 
3 months, but these relationships were weaker at 6 months post-surgery. Additionally, 
few significant relationships were observed in the changes in performance between 3 and 
6 months, likely due to the minimal improvements observed between time points. The 
results from this chapter provide additional clinical value as muscle strength and FTSTS 
performance are related to improved patient-perceived function at 3 months post-TKA. 
This would suggest that during the later phases of rehabilitation, a patient’s strength and 
physical abilities are strong contributors to how patients’ perceive their recovery. 
Previous studies have noted that KOOS scores early after TKA are largely influenced by 
the amount of pain the patient reports. As pain improves during the first 3 months after 
surgery, the findings of Chapter 5 would suggest that muscle strength and physical 
function are more influential in determining patient-perceived function than pain. Thus, 
rehabilitation should focus on enhancing muscle strength and sit-to-stand abilities during 
the final stages of rehabilitation for TKA in order to maximize patient-perceived 
function. Going forward, future research could assess the influence of pain, muscle 
strength, and FTSTS performance at more frequent time intervals early after TKA in 
order to determine more specifically when strength and functional ability become larger 
contributors to KOOS scores. 
 To build further upon the findings of Chapter 4, Chapter 6 sought to develop 
predictive models of 6 month gait mechanics. By identifying the clinical measures taken 
at 3 months post-surgery that predict knee joint motion during walking at 6 months post-
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surgery, clinicians could focus on the most important underlying impairments and more 
easily gauge patient progress during rehabilitation. The findings of this chapter revealed 
three measures that were predictive of knee joint motion, including: quadriceps RTD, hip 
external rotation RTD, and FTSTS performance. Quadriceps RTD was the strongest 
single predictor and was present in all three predictive models. Faster quadriceps RTD at 
3 months predicted more knee flexion excursion at 6 months. Thus, individuals with 
better quadriceps function near the time of discharge from therapy are predicted to have 
better knee joint motion during walking in the future. Additionally, faster hip external 
rotation RTD predicted worse knee flexion excursion during walking. Also, FTSTS was 
the third predictor, with faster FTSTS performance predicting more knee flexion 
excursion during walking. In addition to their novelty, these findings are clinically 
relevant. These predictive models suggest that quadriceps function, as measured by RTD, 
is the best predictor of future gait mechanics after TKA. Since deficits in quadriceps RTD 
are large and persistent, some individuals may adopt a hip-dominant strategy and place 
greater demand on the hip musculature to control loading during walking. As such, those 
individuals with better gluteal function, as measured by hip external rotation RTD, 
undergo less knee flexion excursion in the future because they are better able to 
successfully implement a hip-dominant strategy. Thus, in order for patients after TKA to 
achieve optimal knee flexion excursion, rehabilitation should seek to maximize 
quadriceps RTD and FTSTS performance, while minimizing the utilization of a hip-
dominant strategy during walking. 
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7.3 LIMITATIONS AND FUTURE DIRECTIONS 
 The primary limitation of this dissertation is the lack of pre-operative measures 
for the TKA group. Without such measures it is difficult to determine if the deficits 
apparent at 3 and 6 months post-surgery were also present pre-operatively. It is also 
difficult to ascertain whether or not patients after TKA demonstrated improved 
performance compared to their pre-operative abilities. This limitation is partially 
overcome by the inclusion of a sex, age, body mass index, and physical activity level 
matched control group, but these individuals may represent a higher performance 
standard than individuals awaiting TKA. 
 Another limitation is the use of an instrumented treadmill for gait analysis. 
Previous studies have shown that kinematic variables are not significantly different 
during treadmill vs overground walking, but kinetic variables may be reduced during 
treadmill walking [164]. Since both groups ambulated on an instrumented treadmill, 
comparisons within and between groups for this study are valid. However, direct 
comparison of kinetic variables reported in this study to those collected during 
overground walking may need to account for the potential influence of the treadmill. A 
final noteworthy limitation of this study is the use of a single stair descent. A single stair 
does not allow for a step-over-step descent pattern that may be more typical when 
descending a full flight of stairs. Thus, the task observed in this study does not provide 
information on the transition from one step descent into another. This is an area in which 
additional research is needed. However, understanding the characteristics and 
impairments present during a single step provide a knowledge foundation for discrete 
aspects of the more complicated descent of a full flight of stairs. 
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 Based on the outcomes of this project, future work should investigate the efficacy 
of novel interventions to improve quadriceps peak strength and RTD. Current 
rehabilitation tools do not appear to sufficiently restore quadriceps function and this 
impairment contributes to longer term knee joint deficiencies during gait. It would also be 
beneficial for future work to examine the effect of movement retraining in restoring a 
more quadriceps dominant gait pattern via increased knee flexion excursion or increased 
knee extensor moment. Alternatively, use of movement retraining to reduce the 
utilization of a hip dominant strategy throughout rehabilitation may prevent patients after 
TKA from reinforcing a compensatory movement strategy developed at an earlier time 
point. Lastly, given the persistent muscle weakness observed in the quadriceps and hip 
external rotators at 6 months post-TKA, investigations into the efficacy of a post-
rehabilitative progressive strengthening program in restoring normal muscle performance 
and improving patient outcomes are justified.  
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Appendix: Knee Injury and Osteoarthritis Outcome Score 
 
 
Today’s date: / / Date of birth: / /  
 
Name:   
 
INSTRUCTIONS: This survey asks for your view about your knee. This 
information will help us keep track of how you feel about your knee and 
how well you are able to perform your usual activities. 
Answer every question by ticking the appropriate box, only one box for 
each question. If you are unsure about how to answer a question, 
please give the best answer you can. 
 
Symptoms 
These questions should be answered thinking of your knee symptoms 
during the last week. 
 
 
Stiffness 
The following questions concern the amount of joint stiffness you have 
experienced during the last week in your knee. Stiffness is a 
sensation of restriction or slowness in the ease with which you move your 
KOOS KNEE SURVEY 
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knee joint. 
 
 
 
Pain 
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Function, daily living 
The following questions concern your physical function. By this we mean your 
ability to move around and to look after yourself. For each of the following activities 
please indicate the degree of difficulty you have experienced in the last week 
due to your knee. 
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Function, sports and recreational activities 
The following questions concern your physical function when being active on a 
higher level. The questions should be answered thinking of what degree of 
difficulty you have experienced during the last week due to your knee. 
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Quality of Life 
 
 
 
Thank you very much for completing all the questions in 
this questionnaire. 
  
177 
 
References 
1. Quality AfHRa. Healthcare Cost and Utilization Project (HCUP). Nationwide Inpatient 
Sample (NIS). In. 1999-2008 
2. Kurtz S, Ong K, Lau E, Mowat F, Halpern M. Projections of primary and revision hip 
and knee arthroplasty in the United States from 2005 to 2030. The Journal of bone and 
joint surgery American volume 89(4): 780, 2007 
3. DeJong G, Tian W, Smout RJ, Horn SD, Putman K, Smith P, Gassaway J, Davanzo 
JE. Use of rehabilitation and other health care services by patients with joint replacement 
after discharge from skilled nursing and inpatient rehabilitation facilities. Archives of 
physical medicine and rehabilitation 90(8): 1297, 2009 
4. Farquhar SJ, Reisman DS, Snyder-Mackler L. Persistence of altered movement 
patterns during a sit-to-stand task 1 year following unilateral total knee arthroplasty. 
Physical therapy 88(5): 567, 2008 
5. Huang CH, Cheng CK, Lee YT, Lee KS. Muscle strength after successful total knee 
replacement: a 6- to 13-year followup. Clinical orthopaedics and related research (328): 
147, 1996 
6. Noble PC, Gordon MJ, Weiss JM, Reddix RN, Conditt MA, Mathis KB. Does total 
knee replacement restore normal knee function? Clinical orthopaedics and related 
research (431): 157, 2005 
7. Parvizi J, Nunley RM, Berend KR, Lombardi AV, Jr., Ruh EL, Clohisy JC, Hamilton 
WG, Della Valle CJ, Barrack RL. High level of residual symptoms in young patients 
after total knee arthroplasty. Clinical orthopaedics and related research 472(1): 133, 2014 
8. Bade M, Struessel T, Dayton M, Foran J, Kim R, Miner T, Wolfe P, Kohrt W, Dennis 
D, Stevens-Lapsley J. Early High-Intensity Versus Low-Intensity Rehabilitation after 
Total Knee Arthroplasty: A Randomized Controlled Trial. Arthritis care & research, 2016 
9. Naylor J, Harmer A, Fransen M, Crosbie J, Innes L. Status of physiotherapy 
rehabilitation after total knee replacement in Australia. Physiother Res Int 11(1): 35, 2006 
10. Mizner RL, Snyder-Mackler L. Altered loading during walking and sit-to-stand is 
affected by quadriceps weakness after total knee arthroplasty. Journal of orthopaedic 
research : official publication of the Orthopaedic Research Society 23(5): 1083, 2005 
11. Alnahdi AH, Zeni JA, Snyder-Mackler L. Quadriceps strength asymmetry predicts 
loading asymmetry during sit-to-stand task in patients with unilateral total knee 
arthroplasty. Knee surgery, sports traumatology, arthroscopy : official journal of the 
ESSKA, 2015 
12. Mizner RL, Petterson SC, Snyder-Mackler L. Quadriceps strength and the time 
course of functional recovery after total knee arthroplasty. The Journal of orthopaedic 
and sports physical therapy 35(7): 424, 2005 
13. Furu M, Ito H, Nishikawa T, Nankaku M, Kuriyama S, Ishikawa M, Nakamura S, 
Azukizawa M, Hamamoto Y, Matsuda S. Quadriceps strength affects patient satisfaction 
after total knee arthroplasty. Journal of orthopaedic science : official journal of the 
Japanese Orthopaedic Association 21(1): 38, 2016 
14. Petterson SC, Mizner RL, Stevens JE, Raisis L, Bodenstab A, Newcomb W, Snyder-
Mackler L. Improved function from progressive strengthening interventions after total 
knee arthroplasty: a randomized clinical trial with an imbedded prospective cohort. 
Arthritis Rheum 61(2): 174, 2009 
178 
 
15. Yoshida Y, Zeni J, Snyder-Mackler L. Do patients achieve normal gait patterns 3 
years after total knee arthroplasty? The Journal of orthopaedic and sports physical 
therapy 42(12): 1039, 2012 
16. Yoshida Y, Mizner RL, Snyder-Mackler L. Association between long-term 
quadriceps weakness and early walking muscle co-contraction after total knee 
arthroplasty. The Knee 20(6): 426, 2013 
17. Piva SR, Teixeira PE, Almeida GJ, Gil AB, DiGioia AM, 3rd, Levison TJ, Fitzgerald 
GK. Contribution of hip abductor strength to physical function in patients with total knee 
arthroplasty. Physical therapy 91(2): 225, 2011 
18. Winters JD, Christiansen CL, Stevens-Lapsley JE. Preliminary investigation of rate of 
torque development deficits following total knee arthroplasty. The Knee 21(2): 382, 2014 
19. Vahtrik D, Gapeyeva H, Aibast H, Ereline J, Kums T, Haviko T, Martson A, 
Schneider G, Paasuke M. Quadriceps femoris muscle function prior and after total knee 
arthroplasty in women with knee osteoarthritis. Knee surgery, sports traumatology, 
arthroscopy : official journal of the ESSKA 20(10): 2017, 2012 
20. Lord SR, Murray SM, Chapman K, Munro B, Tiedemann A. Sit-to-stand performance 
depends on sensation, speed, balance, and psychological status in addition to strength in 
older people. J Gerontol A Biol Sci Med Sci 57(8): M539, 2002 
21. Hootman JM, Helmick CG. Projections of US prevalence of arthritis and associated 
activity limitations. Arthritis Rheum 54(1): 226, 2006 
22. Ravi B, Croxford R, Reichmann WM, Losina E, Katz JN, Hawker GA. The changing 
demographics of total joint arthroplasty recipients in the United States and Ontario from 
2001 to 2007. Best Pract Res Clin Rheumatol 26(5): 637, 2012 
23. Mehrotra C, Remington PL, Naimi TS, Washington W, Miller R. Trends in total knee 
replacement surgeries and implications for public health, 1990-2000. Public Health Rep 
120(3): 278, 2005 
24. Capella M, Dolfin M, Saccia F. Mobile bearing and fixed bearing total knee 
arthroplasty. Ann Transl Med 4(7): 127, 2016 
25. Urwin SG, Kader DF, Caplan N, St Clair Gibson A, Stewart S. Gait analysis of fixed 
bearing and mobile bearing total knee prostheses during walking: do mobile bearings 
offer functional advantages? The Knee 21(2): 391, 2014 
26. Jolles BM, Grzesiak A, Eudier A, Dejnabadi H, Voracek C, Pichonnaz C, Aminian K, 
Martin E. A randomised controlled clinical trial and gait analysis of fixed- and mobile-
bearing total knee replacements with a five-year follow-up. The Journal of bone and joint 
surgery British volume 94(5): 648, 2012 
27. Luring C, Bathis H, Oczipka F, Trepte C, Lufen H, Perlick L, Grifka J. Two-year 
follow-up on joint stability and muscular function comparing rotating versus fixed 
bearing TKR. Knee surgery, sports traumatology, arthroscopy : official journal of the 
ESSKA 14(7): 605, 2006 
28. Namba R, Graves S, Robertsson O, Furnes O, Stea S, Puig-Verdie L, Hoeffel D, Cafri 
G, Paxton E, Sedrakyan A. International comparative evaluation of knee replacement 
with fixed or mobile non-posterior-stabilized implants. The Journal of bone and joint 
surgery American volume 96 Suppl 1: 52, 2014 
29. van den Boom LG, Halbertsma JP, van Raaij JJ, Brouwer RW, Bulstra SK, van den 
Akker-Scheek I. No difference in gait between posterior cruciate retention and the 
179 
 
posterior stabilized design after total knee arthroplasty. Knee surgery, sports 
traumatology, arthroscopy : official journal of the ESSKA 22(12): 3135, 2014 
30. Cho KY, Kim KI, Song SJ, Bae DK. Does Cruciate-Retaining Total Knee 
Arthroplasty Show Better Quadriceps Recovery than Posterior-Stabilized Total Knee 
Arthroplasty? - Objective Measurement with a Dynamometer in 102 Knees. Clin Orthop 
Surg 8(4): 379, 2016 
31. Bradley MP, Mayor MB, Collier JP. Differences in articular track area of posterior-
stabilized and cruciate-retaining retrieved total knee implants. Orthopedics 27(12): 1273, 
2004 
32. Boyd AD, Jr., Ewald FC, Thomas WH, Poss R, Sledge CB. Long-term complications 
after total knee arthroplasty with or without resurfacing of the patella. The Journal of 
bone and joint surgery American volume 75(5): 674, 1993 
33. Maradit-Kremers H, Haque OJ, Kremers WK, Berry DJ, Lewallen DG, Trousdale 
RT, Sierra RJ. Is Selectively Not Resurfacing the Patella an Acceptable Practice in 
Primary Total Knee Arthroplasty? The Journal of arthroplasty, 2016 
34. Sanna M, Sanna C, Caputo F, Piu G, Salvi M. Surgical approaches in total knee 
arthroplasty. Joints 1(2): 34, 2013 
35. Scuderi GR, Tria AJ. Surgical Techniques in Total Knee Arthroplasty: Springer, 2013 
36. Hofmann AA, Plaster RL, Murdock LE. Subvastus (Southern) approach for primary 
total knee arthroplasty. Clinical orthopaedics and related research (269): 70, 1991 
37. Cila E, Guzel V, Ozalay M, Tan J, Simsek SA, Kanatli U, Ozturk A. Subvastus 
versus medial parapatellar approach in total knee arthroplasty. Archives of orthopaedic 
and trauma surgery 122(2): 65, 2002 
38. Roysam GS, Oakley MJ. Subvastus approach for total knee arthroplasty: a 
prospective, randomized, and observer-blinded trial. The Journal of arthroplasty 16(4): 
454, 2001 
39. Engh GA, Parks NL. Surgical technique of the midvastus arthrotomy. Clinical 
orthopaedics and related research (351): 270, 1998 
40. Fransen M, Nairn L, Bridgett L, Crosbie J, March L, Parker Mbbs D, Crawford R, 
Harmer AR. Post-acute rehabilitation after total knee replacement: A multicentre 
randomized clinical trial comparing long-term outcomes. Arthritis care & research, 2016 
41. Mistry JB, Elmallah RD, Bhave A, Chughtai M, Cherian JJ, McGinn T, Harwin SF, 
Mont MA. Rehabilitative Guidelines after Total Knee Arthroplasty: A Review. The 
journal of knee surgery, 2016 
42. Brennan GP, Fritz JM, Houck LT, Hunter SJ. Outpatient Rehabilitation Care Process 
Factors and Clinical Outcomes Among Patients Discharged Home Following Unilateral 
Total Knee Arthroplasty. The Journal of arthroplasty, 2014 
43. Schache MB, McClelland JA, Webster KE. Lower limb strength following total knee 
arthroplasty: a systematic review. The Knee 21(1): 12, 2014 
44. Mizner RL, Petterson SC, Stevens JE, Vandenborne K, Snyder-Mackler L. Early 
quadriceps strength loss after total knee arthroplasty. The contributions of muscle atrophy 
and failure of voluntary muscle activation. The Journal of bone and joint surgery 
American volume 87(5): 1047, 2005 
45. Bade MJ, Kohrt WM, Stevens-Lapsley JE. Outcomes before and after total knee 
arthroplasty compared to healthy adults. The Journal of orthopaedic and sports physical 
therapy 40(9): 559, 2010 
180 
 
46. Gapeyeva H, Buht N, Peterson K, Ereline J, Haviko T, Paasuke M. Quadriceps 
femoris muscle voluntary isometric force production and relaxation characteristics before 
and 6 months after unilateral total knee arthroplasty in women. Knee surgery, sports 
traumatology, arthroscopy : official journal of the ESSKA 15(2): 202, 2007 
47. Levinger P, Menz HB, Wee E, Feller JA, Bartlett JR, Bergman NR. Physiological 
risk factors for falls in people with knee osteoarthritis before and early after knee 
replacement surgery. Knee surgery, sports traumatology, arthroscopy : official journal of 
the ESSKA 19(7): 1082, 2011 
48. Kim JG, Lee SW, Ha JK, Choi HJ, Yang SJ, Lee MY. The effectiveness of minimally 
invasive total knee arthroplasty to preserve quadriceps strength: a randomized controlled 
trial. The Knee 18(6): 443, 2011 
49. Christiansen CL, Bade MJ, Judd DL, Stevens-Lapsley JE. Weight-bearing asymmetry 
during sit-stand transitions related to impairment and functional mobility after total knee 
arthroplasty. Archives of physical medicine and rehabilitation 92(10): 1624, 2011 
50. Schroer WC, Diesfeld PJ, Reedy ME, LeMarr AR. Isokinetic strength testing of 
minimally invasive total knee arthroplasty recovery. The Journal of arthroplasty 25(2): 
274, 2010 
51. Lorentzen JS, Petersen MM, Brot C, Madsen OR. Early changes in muscle strength 
after total knee arthroplasty. A 6-month follow-up of 30 knees. Acta Orthop Scand 70(2): 
176, 1999 
52. Vahtrik D, Gapeyeva H, Ereline J, Paasuke M. Relationship between leg extensor 
muscle strength and knee joint loading during gait before and after total knee 
arthroplasty. The Knee 21(1): 216, 2014 
53. Stevens-Lapsley JE, Balter JE, Kohrt WM, Eckhoff DG. Quadriceps and hamstrings 
muscle dysfunction after total knee arthroplasty. Clinical orthopaedics and related 
research 468(9): 2460, 2010 
54. Farquhar S, Snyder-Mackler L. The Chitranjan Ranawat Award: The nonoperated 
knee predicts function 3 years after unilateral total knee arthroplasty. Clinical 
orthopaedics and related research 468(1): 37, 2010 
55. Wigren A, Nordesjo LO, Nordgren B, Kolstad K. Isometric muscle strength and 
endurance after knee arthroplasty with the modular knee in patients with osteoarthrosis 
and rheumatoid arthritis. Scand J Rheumatol 12(2): 145, 1983 
56. Silva M, Shepherd EF, Jackson WO, Pratt JA, McClung CD, Schmalzried TP. Knee 
strength after total knee arthroplasty. The Journal of arthroplasty 18(5): 605, 2003 
57. Boonstra MC, De Waal Malefijt MC, Verdonschot N. How to quantify knee function 
after total knee arthroplasty? The Knee 15(5): 390, 2008 
58. Berth A, Urbach D, Awiszus F. Improvement of voluntary quadriceps muscle 
activation after total knee arthroplasty. Archives of physical medicine and rehabilitation 
83(10): 1432, 2002 
59. de Amorim Aquino M, Leme LE. Isokinetic dynamometry in elderly women 
undergoing total knee arthroplasty: a comparative study. Clinics (Sao Paulo, Brazil) 
61(3): 215, 2006 
60. Walsh M, Woodhouse LJ, Thomas SG, Finch E. Physical impairments and functional 
limitations: a comparison of individuals 1 year after total knee arthroplasty with control 
subjects. Physical therapy 78(3): 248, 1998 
181 
 
61. Hinman RS, Hunt MA, Creaby MW, Wrigley TV, McManus FJ, Bennell KL. Hip 
muscle weakness in individuals with medial knee osteoarthritis. Arthritis care & research 
62(8): 1190, 2010 
62. Alnahdi AH, Zeni JA, Snyder-Mackler L. Hip abductor strength reliability and 
association with physical function after unilateral total knee arthroplasty: a cross-
sectional study. Physical therapy 94(8): 1154, 2014 
63. Goldberg A, Chavis M, Watkins J, Wilson T. The five-times-sit-to-stand test: 
validity, reliability and detectable change in older females. Aging Clin Exp Res 24(4): 
339, 2012 
64. Christiansen CL, Bade MJ, Davidson BS, Dayton MR, Stevens-Lapsley JE. Effects of 
Weight-Bearing Biofeedback Training on Functional Movement Patterns Following Total 
Knee Arthroplasty: A Randomized Controlled Trial. The Journal of orthopaedic and 
sports physical therapy 45(9): 647, 2015 
65. Shin KY, Park KK, Moon SH, Yang IH, Choi HJ, Lee WS. Vitamin D deficiency 
adversely affects early post-operative functional outcomes after total knee arthroplasty. 
Knee surgery, sports traumatology, arthroscopy : official journal of the ESSKA, 2016 
66. Naili JE, Iversen MD, Esbjornsson AC, Hedstrom M, Schwartz MH, Hager CK, 
Brostrom EW. Deficits in functional performance and gait one year after total knee 
arthroplasty despite improved self-reported function. Knee surgery, sports traumatology, 
arthroscopy : official journal of the ESSKA, 2016 
67. Milner CE, O'Bryan ME. Bilateral frontal plane mechanics after unilateral total knee 
arthroplasty. Archives of physical medicine and rehabilitation 89(10): 1965, 2008 
68. Kramers-de Quervain IA, Kampfen S, Munzinger U, Mannion AF. Prospective study 
of gait function before and 2 years after total knee arthroplasty. The Knee 19(5): 622, 
2012 
69. Benedetti MG, Catani F, Bilotta TW, Marcacci M, Mariani E, Giannini S. Muscle 
activation pattern and gait biomechanics after total knee replacement. Clinical 
biomechanics (Bristol, Avon) 18(9): 871, 2003 
70. Levinger P, Menz HB, Morrow AD, Feller JA, Bartlett JR, Bergman NR. Lower limb 
biomechanics in individuals with knee osteoarthritis before and after total knee 
arthroplasty surgery. The Journal of arthroplasty 28(6): 994, 2013 
71. McClelland JA, Webster KE, Feller JA, Menz HB. Knee kinematics during walking 
at different speeds in people who have undergone total knee replacement. The Knee 
18(3): 151, 2011 
72. Mandeville D, Osternig LR, Chou LS. The effect of total knee replacement on 
dynamic support of the body during walking and stair ascent. Clinical biomechanics 
(Bristol, Avon) 22(7): 787, 2007 
73. McClelland JA, Webster KE, Feller JA, Menz HB. Knee kinetics during walking at 
different speeds in people who have undergone total knee replacement. Gait & posture 
32(2): 205, 2010 
74. Ouellet D, Moffet H. Locomotor deficits before and two months after knee 
arthroplasty. Arthritis Rheum 47(5): 484, 2002 
75. Wilson SA, McCann PD, Gotlin RS, Ramakrishnan HK, Wootten ME, Insall JN. 
Comprehensive gait analysis in posterior-stabilized knee arthroplasty. The Journal of 
arthroplasty 11(4): 359, 1996 
182 
 
76. Smith AJ, Lloyd DG, Wood DJ. A kinematic and kinetic analysis of walking after 
total knee arthroplasty with and without patellar resurfacing. Clinical biomechanics 
(Bristol, Avon) 21(4): 379, 2006 
77. Hatfield GL, Hubley-Kozey CL, Astephen Wilson JL, Dunbar MJ. The effect of total 
knee arthroplasty on knee joint kinematics and kinetics during gait. The Journal of 
arthroplasty 26(2): 309, 2011 
78. Mandeville D, Osternig LR, Lantz BA, Mohler CG, Chou LS. The effect of total knee 
replacement on the knee varus angle and moment during walking and stair ascent. 
Clinical biomechanics (Bristol, Avon) 23(8): 1053, 2008 
79. Alice BM, Stephane A, Yoshisama SJ, Pierre H, Domizio S, Hermes M, Katia T. 
Evolution of knee kinematics three months after total knee replacement. Gait & posture 
41(2): 624, 2015 
80. Arnold JB, Mackintosh S, Olds TS, Jones S, Thewlis D. Improvements in knee 
biomechanics during walking are associated with increased physical activity after total 
knee arthroplasty. Journal of orthopaedic research : official publication of the 
Orthopaedic Research Society, 2015 
81. Orishimo KF, Kremenic IJ, Deshmukh AJ, Nicholas SJ, Rodriguez JA. Does total 
knee arthroplasty change frontal plane knee biomechanics during gait? Clinical 
orthopaedics and related research 470(4): 1171, 2012 
82. Alnahdi AH, Zeni JA, Snyder-Mackler L. Gait after unilateral total knee arthroplasty: 
frontal plane analysis. Journal of orthopaedic research : official publication of the 
Orthopaedic Research Society 29(5): 647, 2011 
83. Shakoor N, Block JA, Shott S, Case JP. Nonrandom evolution of end-stage 
osteoarthritis of the lower limbs. Arthritis Rheum 46(12): 3185, 2002 
84. Andriacchi TP, Galante JO, Fermier RW. The influence of total knee-replacement 
design on walking and stair-climbing. The Journal of bone and joint surgery American 
volume 64(9): 1328, 1982 
85. Nadeau S, McFadyen BJ, Malouin F. Frontal and sagittal plane analyses of the stair 
climbing task in healthy adults aged over 40 years: what are the challenges compared to 
level walking? Clinical biomechanics (Bristol, Avon) 18(10): 950, 2003 
86. Costigan PA, Deluzio KJ, Wyss UP. Knee and hip kinetics during normal stair 
climbing. Gait & posture 16(1): 31, 2002 
87. Dawson J, Fitzpatrick R, Murray D, Carr A. Questionnaire on the perceptions of 
patients about total knee replacement. The Journal of bone and joint surgery British 
volume 80(1): 63, 1998 
88. Roos EM, Toksvig-Larsen S. Knee injury and Osteoarthritis Outcome Score (KOOS) 
- validation and comparison to the WOMAC in total knee replacement. Health Qual Life 
Outcomes 1: 17, 2003 
89. Noble PC, Scuderi GR, Brekke AC, Sikorskii A, Benjamin JB, Lonner JH, Chadha P, 
Daylamani DA, Scott WN, Bourne RB. Development of a new Knee Society scoring 
system. Clinical orthopaedics and related research 470(1): 20, 2012 
90. Bolanos AA, Colizza WA, McCann PD, Gotlin RS, Wootten ME, Kahn BA, Insall 
JN. A comparison of isokinetic strength testing and gait analysis in patients with posterior 
cruciate-retaining and substituting knee arthroplasties. The Journal of arthroplasty 13(8): 
906, 1998 
183 
 
91. Catani F, Benedetti MG, De Felice R, Buzzi R, Giannini S, Aglietti P. Mobile and 
fixed bearing total knee prosthesis functional comparison during stair climbing. Clinical 
biomechanics (Bristol, Avon) 18(5): 410, 2003 
92. Kelman GJ, Biden EN, Wyatt MP, Ritter MA, Colwell CW, Jr. Gait laboratory 
analysis of a posterior cruciate-sparing total knee arthroplasty in stair ascent and descent. 
Clinical orthopaedics and related research (248): 21, 1989 
93. Joglekar S, Gioe TJ, Yoon P, Schwartz MH. Gait analysis comparison of cruciate 
retaining and substituting TKA following PCL sacrifice. The Knee 19(4): 279, 2012 
94. Saari T, Tranberg R, Zugner R, Uvehammer J, Karrholm J. Total knee replacement 
influences both knee and hip joint kinematics during stair climbing. International 
orthopaedics 28(2): 82, 2004 
95. McClelland JA, Webster KE, Feller JA. Variability of walking and other daily 
activities in patients with total knee replacement. Gait & posture 30(3): 288, 2009 
96. Collins NJ, Prinsen CA, Christensen R, Bartels EM, Terwee CB, Roos EM. Knee 
Injury and Osteoarthritis Outcome Score (KOOS): systematic review and meta-analysis 
of measurement properties. Osteoarthritis and cartilage / OARS, Osteoarthritis Research 
Society 24(8): 1317, 2016 
97. Mills KA, Naylor JM, Eyles JP, Roos EM, Hunter DJ. Examining the Minimal 
Important Difference of Patient-reported Outcome Measures for Individuals with Knee 
Osteoarthritis: A Model Using the Knee Injury and Osteoarthritis Outcome Score. The 
Journal of rheumatology, 2016 
98. Minns Lowe CJ, Barker KL, Holder R, Sackley CM. Comparison of postdischarge 
physiotherapy versus usual care following primary total knee arthroplasty for 
osteoarthritis: an exploratory pilot randomized clinical trial. Clin Rehabil 26(7): 629, 
2012 
99. Nerhus TK, Heir S, Thornes E, Madsen JE, Ekeland A. Time-dependent improvement 
in functional outcome following LCS rotating platform knee replacement. Acta Orthop 
81(6): 727, 2010 
100. Stevens-Lapsley JE, Schenkman ML, Dayton MR. Comparison of self-reported knee 
injury and osteoarthritis outcome score to performance measures in patients after total 
knee arthroplasty. PM & R : the journal of injury, function, and rehabilitation 3(6): 541, 
2011 
101. Thewlis D, Hillier S, Hobbs SJ, Richards J. Preoperative asymmetry in load 
distribution during quiet stance persists following total knee arthroplasty. Knee surgery, 
sports traumatology, arthroscopy : official journal of the ESSKA 22(3): 609, 2014 
102. Graff C, Hohmann E, Bryant AL, Tetsworth K. Subjective and objective outcome 
measures after total knee replacement: is there a correlation? ANZ J Surg, 2016 
103. Liebensteiner MC, Herten A, Gstoettner M, Thaler M, Krismer M, Bach CM. 
Correlation between objective gait parameters and subjective score measurements before 
and after total knee arthroplasty. The Knee 15(6): 461, 2008 
104. Kurtz SM, Ong KL, Lau E, Bozic KJ. Impact of the economic downturn on total 
joint replacement demand in the United States: updated projections to 2021. The Journal 
of bone and joint surgery American volume 96(8): 624, 2014 
105. Kim SJ, Bamne A, Song YD, Kang YG, Kim TK. Patients still wish for key 
improvements after total knee arthroplasty. Knee Surg Relat Res 27(1): 24, 2015 
184 
 
106. Nam D, Nunley RM, Barrack RL. Patient dissatisfaction following total knee 
replacement: a growing concern? The bone & joint journal 96-B(11 Supple A): 96, 2014 
107. McClelland JA, Webster KE, Feller JA. Gait analysis of patients following total 
knee replacement: a systematic review. The Knee 14(4): 253, 2007 
108. Milner CE. Is gait normal after total knee arthroplasty? Systematic review of the 
literature. Journal of orthopaedic science : official journal of the Japanese Orthopaedic 
Association 14(1): 114, 2009 
109. Johnson AJ, Issa K, Naziri Q, Harwin SF, Bonutti PM, Mont MA. Patient 
dissatisfaction with rehabilitation following primary total knee arthroplasty. The journal 
of knee surgery 26(6): 417, 2013 
110. Mechanic RE. Mandatory Medicare Bundled Payment--Is It Ready for Prime Time? 
N Engl J Med 373(14): 1291, 2015 
111. Standifird TW, Cates HE, Zhang S. Stair ambulation biomechanics following total 
knee arthroplasty: a systematic review. The Journal of arthroplasty 29(9): 1857, 2014 
112. Ramkumar PN, Harris JD, Noble PC. Patient-reported outcome measures after total 
knee arthroplasty: a systematic review. Bone Joint Res 4(7): 120, 2015 
113. Services CfMaM. Bundled payments for care improvement (BPCI) initiative: 
general information. In.:  
114. Services CfMaM. Comprehensive care for joint replacement model. In.:  
115. Zanasi S. Innovations in total knee replacement: new trends in operative treatment 
and changes in peri-operative management. Eur Orthop Traumatol 2(1-2): 21, 2011 
116. Wang H, Dugan E, Frame J, Rolston L. Gait analysis after bi-compartmental knee 
replacement. Clinical biomechanics (Bristol, Avon) 24(9): 751, 2009 
117. Fuchs S, Tibesku CO, Genkinger M, Volmer M, Laass H, Rosenbaum D. Clinical 
and functional comparison of bicondylar sledge prostheses retaining all ligaments and 
constrained total knee replacement. Clinical biomechanics (Bristol, Avon) 19(3): 263, 
2004 
118. Mine T, Ihara K, Kawamura H, Kuriyama R, Date R. Gait parameters in women 
with bilateral osteoarthritis after unilateral versus sequential bilateral total knee 
arthroplasty. J Orthop Surg (Hong Kong) 23(1): 76, 2015 
119. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for 
systematic reviews and meta-analyses: the PRISMA statement. PLoS Med 6(7): 
e1000097, 2009 
120. Ejaz A, Laursen AC, Kappel A, Laursen MB, Jakobsen T, Rasmussen S, Nielsen 
PT. Faster recovery without the use of a tourniquet in total knee arthroplasty. Acta 
Orthop 85(4): 422, 2014 
121. Huang CC, Jiang CC, Hsieh CH, Tsai CJ, Chiang H. Local bone quality affects the 
outcome of prosthetic total knee arthroplasty. Journal of orthopaedic research : official 
publication of the Orthopaedic Research Society 34(2): 240, 2016 
122. Judd DL, Eckhoff DG, Stevens-Lapsley JE. Muscle strength loss in the lower limb 
after total knee arthroplasty. Am J Phys Med Rehabil 91(3): 220, 2012 
123. Nilsdotter AK, Toksvig-Larsen S, Roos EM. A 5 year prospective study of patient-
relevant outcomes after total knee replacement. Osteoarthritis and cartilage / OARS, 
Osteoarthritis Research Society 17(5): 601, 2009 
185 
 
124. Petterson SC, Barrance P, Marmon AR, Handling T, Buchanan TS, Snyder-Mackler 
L. Time course of quad strength, area, and activation after knee arthroplasty and strength 
training. Medicine and science in sports and exercise 43(2): 225, 2011 
125. Calatayud J, Casana J, Ezzatvar Y, Jakobsen MD, Sundstrup E, Andersen LL. High-
intensity preoperative training improves physical and functional recovery in the early 
post-operative periods after total knee arthroplasty: a randomized controlled trial. Knee 
surgery, sports traumatology, arthroscopy : official journal of the ESSKA, 2016 
126. Pua YH. The Time Course of Knee Swelling Post Total Knee Arthroplasty and Its 
Associations with Quadriceps Strength and Gait Speed. The Journal of arthroplasty 30(7): 
1215, 2015 
127. Pua YH, Ong PH, Chong HC, Yeo W, Tan C, Lo NN. Knee extension range of 
motion and self-report physical function in total knee arthroplasty: mediating effects of 
knee extensor strength. BMC musculoskeletal disorders 14: 33, 2013 
128. Rodgers JA, Garvin KL, Walker CW, Morford D, Urban J, Bedard J. Preoperative 
physical therapy in primary total knee arthroplasty. The Journal of arthroplasty 13(4): 
414, 1998 
129. Abdel MP, Parratte S, Blanc G, Ollivier M, Pomero V, Viehweger E, Argenson JN. 
No benefit of patient-specific instrumentation in TKA on functional and gait outcomes: a 
randomized clinical trial. Clinical orthopaedics and related research 472(8): 2468, 2014 
130. Bejek Z, Paroczai R, Szendroi M, Kiss RM. Gait analysis following TKA: 
comparison of conventional technique, computer-assisted navigation and minimally 
invasive technique combined with computer-assisted navigation. Knee surgery, sports 
traumatology, arthroscopy : official journal of the ESSKA 19(2): 285, 2011 
131. Davis AM, Lohmander LS, Wong R, Venkataramanan V, Hawker GA. Evaluating 
the responsiveness of the ICOAP following hip or knee replacement. Osteoarthritis and 
cartilage / OARS, Osteoarthritis Research Society 18(8): 1043, 2010 
132. Davis AM, Perruccio AV, Ibrahim S, Hogg-Johnson S, Wong R, Streiner DL, 
Beaton DE, Cote P, Gignac MA, Flannery J, Schemitsch E, Mahomed NN, Badley EM. 
The trajectory of recovery and the inter-relationships of symptoms, activity and 
participation in the first year following total hip and knee replacement. Osteoarthritis and 
cartilage / OARS, Osteoarthritis Research Society 19(12): 1413, 2011 
133. e D, Paker N, Soy Bugdayci D, Tekdos Demircioglu D. Effect of body mass index 
on functional recovery after total knee arthroplasty in ambulatory overweight or obese 
women with osteoarthritis. Acta Orthop Traumatol Turc 48(2): 117, 2014 
134. Gothesen O, Espehaug B, Havelin LI, Petursson G, Hallan G, Strom E, Dyrhovden 
G, Furnes O. Functional outcome and alignment in computer-assisted and conventionally 
operated total knee replacements: a multicentre parallel-group randomised controlled 
trial. The bone & joint journal 96-B(5): 609, 2014 
135. Huber EO, Meichtry A, de Bie RA, Bastiaenen CH. Construct validity of change 
scores of the Chair Stand Test versus Timed Up and Go Test, KOOS questionnaire and 
the isometric muscle strength test in patients with severe knee osteoarthritis undergoing 
total knee replacement. Man Ther 21: 262, 2016 
136. Huber EO, Roos EM, Meichtry A, de Bie RA, Bischoff-Ferrari HA. Effect of 
preoperative neuromuscular training (NEMEX-TJR) on functional outcome after total 
knee replacement: an assessor-blinded randomized controlled trial. BMC musculoskeletal 
disorders 16: 101, 2015 
186 
 
137. Molt M, Ljung P, Toksvig-Larsen S. Does a new knee design perform as well as the 
design it replaces? Bone Joint Res 1(12): 315, 2012 
138. Villadsen A, Overgaard S, Holsgaard-Larsen A, Christensen R, Roos EM. 
Postoperative effects of neuromuscular exercise prior to hip or knee arthroplasty: a 
randomised controlled trial. Annals of the rheumatic diseases 73(6): 1130, 2014 
139. Kiss RM, Bejek Z, Szendroi M. Variability of gait parameters in patients with total 
knee arthroplasty. Knee surgery, sports traumatology, arthroscopy : official journal of the 
ESSKA 20(7): 1252, 2012 
140. Davis AM, Perruccio AV, Canizares M, Hawker GA, Roos EM, Maillefert JF, 
Lohmander LS. Comparative, validity and responsiveness of the HOOS-PS and KOOS-
PS to the WOMAC physical function subscale in total joint replacement for 
osteoarthritis. Osteoarthritis and cartilage / OARS, Osteoarthritis Research Society 17(7): 
843, 2009 
141. Tilbury C, Haanstra TM, Leichtenberg CS, Verdegaal SH, Ostelo RW, de Vet HC, 
Nelissen RG, Vliet Vlieland TP. Unfulfilled Expectations After Total Hip and Knee 
Arthroplasty Surgery: There Is a Need for Better Preoperative Patient Information and 
Education. The Journal of arthroplasty, 2016 
142. Moon YW, Kim HJ, Ahn HS, Lee DH. Serial Changes of Quadriceps and Hamstring 
Muscle Strength Following Total Knee Arthroplasty: A Meta-Analysis. PloS one 11(2): 
e0148193, 2016 
143. Mizner RL, Petterson SC, Stevens JE, Axe MJ, Snyder-Mackler L. Preoperative 
quadriceps strength predicts functional ability one year after total knee arthroplasty. The 
Journal of rheumatology 32(8): 1533, 2005 
144. Maffiuletti NA, Bizzini M, Widler K, Munzinger U. Asymmetry in quadriceps rate 
of force development as a functional outcome measure in TKA. Clinical orthopaedics and 
related research 468(1): 191, 2010 
145. Bade MJ, Stevens-Lapsley JE. Restoration of physical function in patients following 
total knee arthroplasty: an update on rehabilitation practices. Current opinion in 
rheumatology 24(2): 208, 2012 
146. Stevens-Lapsley JE, Balter JE, Wolfe P, Eckhoff DG, Kohrt WM. Early 
neuromuscular electrical stimulation to improve quadriceps muscle strength after total 
knee arthroplasty: a randomized controlled trial. Physical therapy 92(2): 210, 2012 
147. Stevens-Lapsley JE, Balter JE, Wolfe P, Eckhoff DG, Schwartz RS, Schenkman M, 
Kohrt WM. Relationship between intensity of quadriceps muscle neuromuscular 
electrical stimulation and strength recovery after total knee arthroplasty. Physical therapy 
92(9): 1187, 2012 
148. Zhu M, Ang CL, Yeo SJ, Lo NN, Chia SL, Chong HC. Minimally Invasive 
Computer-Assisted Total Knee Arthroplasty Compared With Conventional Total Knee 
Arthroplasty: A Prospective 9-Year Follow-Up. The Journal of arthroplasty, 2015 
149. Khakha RS, Chowdhry M, Norris M, Kheiran A, Patel N, Chauhan SK. Five-year 
follow-up of minimally invasive computer assisted total knee arthroplasty (MICATKA) 
versus conventional computer assisted total knee arthroplasty (CATKA) - A population 
matched study. The Knee 21(5): 944, 2014 
150. Cheng T, Liu T, Zhang G, Peng X, Zhang X. Does minimally invasive surgery 
improve short-term recovery in total knee arthroplasty? Clinical orthopaedics and related 
research 468(6): 1635, 2010 
187 
 
151. King J, Stamper DL, Schaad DC, Leopold SS. Minimally invasive total knee 
arthroplasty compared with traditional total knee arthroplasty. Assessment of the learning 
curve and the postoperative recuperative period. The Journal of bone and joint surgery 
American volume 89(7): 1497, 2007 
152. Astephen Wilson JL, Dunbar MJ, Hubley-Kozey CL. Knee joint biomechanics and 
neuromuscular control during gait before and after total knee arthroplasty are sex-
specific. The Journal of arthroplasty 30(1): 118, 2015 
153. Mizner RL, Petterson SC, Clements KE, Zeni JA, Jr., Irrgang JJ, Snyder-Mackler L. 
Measuring functional improvement after total knee arthroplasty requires both 
performance-based and patient-report assessments: a longitudinal analysis of outcomes. 
The Journal of arthroplasty 26(5): 728, 2011 
154. Zeni J, Jr., Abujaber S, Flowers P, Pozzi F, Snyder-Mackler L. Biofeedback to 
promote movement symmetry after total knee arthroplasty: a feasibility study. The 
Journal of orthopaedic and sports physical therapy 43(10): 715, 2013 
155. Newcomer KL, Krug HE, Mahowald ML. Validity and reliability of the timed-
stands test for patients with rheumatoid arthritis and other chronic diseases. The Journal 
of rheumatology 20(1): 21, 1993 
156. Schenkman M, Hughes MA, Samsa G, Studenski S. The relative importance of 
strength and balance in chair rise by functionally impaired older individuals. J Am 
Geriatr Soc 44(12): 1441, 1996 
157. Paquette MR, Zhang S, Milner CE, Fairbrother JT, Reinbolt JA. Effects of increased 
step width on frontal plane knee biomechanics in healthy older adults during stair 
descent. The Knee 21(4): 821, 2014 
158. Kline PW, Morgan KD, Johnson DL, Ireland ML, Noehren B. Impaired Quadriceps 
Rate of Torque Development and Knee Mechanics After Anterior Cruciate Ligament 
Reconstruction With Patellar Tendon Autograft. The American journal of sports 
medicine 43(10): 2553, 2015 
159. Forsen L, Loland NW, Vuillemin A, Chinapaw MJ, van Poppel MN, Mokkink LB, 
van Mechelen W, Terwee CB. Self-administered physical activity questionnaires for the 
elderly: a systematic review of measurement properties. Sports medicine (Auckland, NZ) 
40(7): 601, 2010 
160. Zeni JA, Jr., Snyder-Mackler L. Early postoperative measures predict 1- and 2-year 
outcomes after unilateral total knee arthroplasty: importance of contralateral limb 
strength. Physical therapy 90(1): 43, 2010 
161. Neumann DA. Kinesiology of the hip: a focus on muscular actions. The Journal of 
orthopaedic and sports physical therapy 40(2): 82, 2010 
162. Komnik I, Weiss S, Fantini Pagani CH, Potthast W. Motion analysis of patients after 
knee arthroplasty during activities of daily living--a systematic review. Gait & posture 
41(2): 370, 2015 
163. Mills K, Hunt MA, Ferber R. Biomechanical deviations during level walking 
associated with knee osteoarthritis: a systematic review and meta-analysis. Arthritis care 
& research 65(10): 1643, 2013 
164. Lee SJ, Hidler J. Biomechanics of overground vs. treadmill walking in healthy 
individuals. Journal of applied physiology (Bethesda, Md : 1985) 104(3): 747, 2008 
165. Buckwalter JA, Saltzman C, Brown T. The impact of osteoarthritis: implications for 
research. Clinical orthopaedics and related research (427 Suppl): S6, 2004 
188 
 
166. Felson DT, Lawrence RC, Dieppe PA, Hirsch R, Helmick CG, Jordan JM, Kington 
RS, Lane NE, Nevitt MC, Zhang Y, Sowers M, McAlindon T, Spector TD, Poole AR, 
Yanovski SZ, Ateshian G, Sharma L, Buckwalter JA, Brandt KD, Fries JF. Osteoarthritis: 
new insights. Part 1: the disease and its risk factors. Ann Intern Med 133(8): 635, 2000 
167. Stratford PW, Kennedy DM. Performance measures were necessary to obtain a 
complete picture of osteoarthritic patients. Journal of clinical epidemiology 59(2): 160, 
2006 
168. Jacobs CA, Christensen CP. Correlations between knee society function scores and 
functional force measures. Clinical orthopaedics and related research 467(9): 2414, 2009 
169. Parent E, Moffet H. Preoperative predictors of locomotor ability two months after 
total knee arthroplasty for severe osteoarthritis. Arthritis Rheum 49(1): 36, 2003 
170. Yoshida Y, Mizner RL, Ramsey DK, Snyder-Mackler L. Examining outcomes from 
total knee arthroplasty and the relationship between quadriceps strength and knee 
function over time. Clinical biomechanics (Bristol, Avon) 23(3): 320, 2008 
 
  
189 
 
VITA 
PAUL WILDER KLINE 
 
EDUCATIONAL BACKGROUND 
DOCTOR OF PHYSICAL THERAPY East Carolina University, Greenville, NC 
      Physical Therapy 
      College of Allied Health Sciences 
      Conferred: May 2013 
 
BACHELOR OF SCIENCE  Furman University, Greenville, SC 
      Health & Exercise Science 
      Conferred: May 2010 
 
PROFESSIONAL BACKGROUND 
CLINICAL EXPERIENCE   
Physical Therapist, University of Kentucky Running Injury Clinic, Lexington, KY 
August 2013 – Present 
 
Physical Therapist, Saint Joseph Hospital, Lexington, KY 
November 2014 – Present 
 
Physical Therapist, Kentucky Orthopedic Rehab Team, Lexington, KY 
August 2013 – July 2015 
 
TEACHING EXPERIENCE 
 Guest Lecturer, Division of Physical Therapy, University of Kentucky 
 PT 805 (Spring 2016, 2017) 
 PT 815 (Summer 2015, 2016) 
 
HONORS & AWARDS 
 Student Travel Award 
Biomechanics Interest Group, American College of Sports Medicine, 2016 
 
Robinson Graduate Award for Research Creativity 
College of Health Sciences, University of Kentucky, 2016 
 
Excellence in Research, Finalist 
Sports Section, American Physical Therapy Association, 2016 
 
 
Excellence in Research, Finalist 
Sports Section, American Physical Therapy Association, 2015 
 
Student Leadership Award 
Department of Physical Therapy, East Carolina University, 2013 
 
190 
 
Clinical Excellence Award 
Department of Physical Therapy, East Carolina University, 2013 
 
Academic Excellence Award 
Department of Physical Therapy, East Carolina University, 2013 
 
Unsung Hero Award 
Office of the President, Furman University, 2010 
 
Thomas Award (Outstanding Senior) 
Department of Health & Exercise Science, Furman University, 2010 
 
PUBLICATIONS 
ACCEPTED MANUSCRIPTS 
1. Kline P.W., Johnson D.L., Ireland M.L., Noehren B. Clinical predictors of 
knee mechanics at return to sport following ACL reconstruction. Med Sci 
Sports Exerc. 2016 May;48(5):790-5. 
 
2. Kline P.W., Williams D.S. III. Effects of normal aging on lower extremity 
loading and coordination during running in males and females. Int J Sports 
Phys Ther. 2015 Nov;10(6):901-9. 
 
3. Kline P.W., Morgan K.D., Johnson D.L., Ireland M.L., Noehren B. Impaired 
quadriceps rate of torque development and knee mechanics after anterior 
cruciate ligament reconstruction with patellar tendon autograft. Am J Sports 
Med. 2015 Oct;43(10):2553-8. 
 
SUBMITTED MANUSCRIPTS 
1. Lucas K.H., Kline P.W., Ireland M.L., Noehren B. Hip and trunk muscle 
dysfunction: implications for ACL injury prevention. (In review at Annals of 
Joint). 
 
2. Kline P.W., Burnham J, Yonz M.C., Johnson D.L., Ireland M.L., Noehren B. 
The role of hip muscle strength in single leg hop performance after anterior 
cruciate ligament reconstruction: a cross sectional case-control study. (In 
review at Knee Surgery, Sports Traumatology, Arthroscopy). 
 
PRESENTATIONS 
1. Noehren B., Kline P.W., Ireland M.L., Johnson D.L. (2017) Early Objective 
Clinical Testing Predicts Jump Landing Mechanics Following an ACL 
Reconstruction: Impact for the Clinician and Return to Play Testing. 
American Orthopaedic Society for Sports Medicine Annual Meeting, Toronto, 
ON, Canada (Accepted) 
 
2. Noehren B., Kline P.W., Ireland M.L., Johnson D.L. (2017) Kinesiophobia is 
Strongly Associated with Altered Loading after an ACL Reconstruction: 
Implications for Re-injury Risk. American Orthopaedic Society for Sports 
Medicine Annual Meeting, Toronto, ON, Canada (Accepted) 
191 
 
 
3. Kline P.W., Marquez M.J., Ireland M.L., Johnson D.L., Noehren B. (2017) 
Hip-Dominant Landing Strategy During the Second Landing of a Drop 
Vertical Jump After ACL Reconstruction. American College of Sports 
Medicine Annual Meeting, Denver, CO. (Accepted) 
 
4. Marquez M.J., Kline P.W., Ireland M.L., Johnson D.L., Noehren B. (2017) 
Comparison of Post-ACLR Kinematics Between Landings of a Drop Vertical 
Jump: Implications for Re-injury Risk. American College of Sports Medicine 
Annual Meeting, Denver, CO. (Accepted) 
 
5. Kline P.W. (2017) Muscular and Physical Performance Determinants of 
Patient Reported Outcome Score after Unilateral Total Knee Arthroplasty. 
The Association for Clinical and Translational Science: Translational Science 
2017, Washington, DC. 
 
6. Robertson K., McKinley R., Kline P.W., Noehren B. (2017) Pain Processing 
Alterations in Females with Chronic Patellofemoral Pain. Combined Sections 
Meeting of the American Physical Therapy Association, San Antonio, TX. 
 
7. McKinley R., Robertson K., Kline P.W., Noehren B. (2017) More Than Knee 
Pain: Females with Chronic Patellofemoral Pain Demonstrate Altered 
Psychosocial Responses. Combined Sections Meeting of the American 
Physical Therapy Association, San Antonio, TX.  
  
8. Kline P.W., Jacobs C., Duncan S.T., Noehren B. (2017) Between-limb 
Asymmetries during Stair Descent 3 Months after Total Knee Arthroplasty. 
Combined Sections Meeting of the American Physical Therapy Association, 
San Antonio, TX.   
 
9. Kline P.W., Ireland M.L., Johnson D.L., Noehren B. (2017) Does Handheld 
Dynamometry Accurately Measure Quadriceps Strength Symmetry after 
Anterior Cruciate Ligament Reconstruction? Implications For Rehabilitation 
Progression. Combined Sections Meeting of the American Physical Therapy 
Association, San Antonio, TX. 
10. Kline P.W., Ireland M.L., Johnson D.L., Noehren B. (2016) Early Clinical 
Tests are Predictive of Knee Biomechanics at Return to Sport Following 
Anterior Cruciate Ligament Reconstruction. Combined Sections Meeting of 
the American Physical Therapy Association, Anaheim, CA. 
 
11. Kline P.W., Morgan K.D., Grim K., Ackerman K., Noehren B. (2016) The 
Effects of Trunk Fatigue on Proximal Joint Kinematics and Coupling During 
Running. American College of Sports Medicine Annual Meeting, Boston, 
MA. 
 
192 
 
12. Marquez M.J., Kline P.W., Ireland M.L., Johnson D.L., Noehren B. (2016) 
Kinematic Asymmetries During the Second Landing of a Drop Vertical Jump 
After ACL Reconstruction. American College of Sports Medicine Annual 
Meeting, Boston, MA. 
 
13. Kline P.W. (2016) Association of 3 Month Muscular Performance with 6 
Month Patient Reported Outcomes After TKA. The Association for Clinical 
and Translational Science: Translational Science 2016, Washington, DC. 
 
14. Kline P.W., Schmitz A, Ireland M.L., & Noehren B. (2015) Impaired 
Quadriceps Rate of Torque Development Alters Knee Mechanics after ACL 
Reconstruction. Combined Sections Meeting of the American Physical 
Therapy Association, Indianapolis, IN. 
 
15. Kline P.W. (2014) Complicated Patient – Sports Edition. Combined Sections 
Meeting of the American Physical Therapy Association, Las Vegas, NV. 
 
16. Kline P.W., Williams D.S. III, Welch L.M. (2014) Effect of Sex and Age on 
Lower Extremity Joint Coupling and Loading During Running. APTA 
Combined Sections Meeting of the American Physical Therapy Association, 
Las Vegas, NV. 
 
17. Kline P.W., Welch L.M., Williams D.S. III. (2013) Effect of Flexible vs. 
Inflexible Static Hamstring Length on Sagittal Plane Mechanics in Male vs. 
Female Runners. Combined Sections Meeting of the American Physical 
Therapy Association, San Diego, CA. 
 
18. Kline P.W., Wurzinger B.W., Segal R.L., Steinbaker C.R., Ratcliff O.M., 
Williams D.S. III. (2012) Magnetic Resonance Analysis of Intrinsic Foot 
Musculature during Running Shod and Barefoot Conditions. 56th American 
College of Sports Medicine Annual Meeting, San Francisco, CA. 
 
FUNDING   
Title: Factors contributing to protracted strength loss and function after total knee 
arthroplasty 
 Mechanism: TL1 Pre-doctoral Award (TL1TR00015) 
Funding Agency: National Center for Advancing Translational Sciences & 
National Institutes of Health 
 Date: 06/2015 – 07/2017 
 Role: Pre-doctoral Trainee 
 
PROFESSIONAL AFFILIATIONS/LICENSING 
MEMBERSHIPS 
1. American Physical Therapy Association (2010 – Present) 
2. Kentucky Physical Therapy Association (2013 – Present) 
3. American College of Sports Medicine (2015 – Present) 
193 
 
 
LICENSURE 
 Physical Therapist, Kentucky Board of Physical Therapy #KY006267 
 
PROFESSIONAL SERVICE ACTIVITIES 
MANUSCRIPT REVIEWER 
1. American Journal of Sports Medicine 
2. International Journal of Exercise Science 
3. Journal of Sport Rehabilitation 
 
 
  
 
